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1.0 SUMMARY

The research effort during this reporting period has continued to emphasize

the study of electronically conducting oxides, which was initiated in the pre-

vious reporting period. The high-temperature transport property data base has

been expanded by continued measurements in several systems under study, and a

theoretical model for thermoelectric properties based on small polaron transport

has been developed. The study of the transport properties of the In2 0 3-SnO2

system, which was initiated during the previous reporting period, has been

completed. Low values for the figure of merit were obtained, as expected, for

these degenerate-type semiconductors.

Some high-temperature materials that exhibit small polaron conduction have

the potential to exhibit high figures of merit. The theoretical model developed

under this program predicts that narrow-band semiconductors with small polaron

hopping along inequivalent sites of distorted sublattices can result in increases

in both electrical conductivity and Seebeck coefficient with temperature without

significant increases in thermal conductivity. High figures of merit, greater

than 1.0 at 1000 K, that increase with temperature are predicted by the model.

The model is being applied to the divalent metal-doped (Y,La)CrO3 systems with

the ABO 3 perovskite structure. Transport property data obtained during this

reporting period for different divalent metal dopants at different concentra-

tions are being used to evaluate the model.

Research will continue to emphasize the small polaron thermoelectric model.

To verify and refine the model, experimental transport measurement studies will

emphasize the effects of substitutions in the ABO 3 perovskite structure, particu-

larly the distorted lattice developed by substitution on the B or 0 sites which

increases inequivalent sites for hopping of small polarons. As a result of

improvements in the thermal diffusivity apparatus, the effect of dopant on

thermal conductivity will be investigated. The theoretical and experimental

studies will be expanded to include the oxysulfides and sulfides, which should

exhibit high electrical conductivity, high Seebeck coefficients, low thermal

conductivity and, therefore, high figures of merit.
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j2.0 INTRODUCTION.

The purpose of this report is to describe the technical results obtained

during the second year of this continuing research project, covering the period

from May 15, 1984 to May 15, 1985. The general objectives of this research

investigation are to: a) develop theoretical models for electrical, thermal,

and thermoelectric behavior of refractory oxide materials, b) determine electri-

Ical transport properties necessary to develop and test these models, c) deter-
mine methods for increasing the figure of merit in refractory oxide systems by

varying composition, defect structure, microstructure, etc., and d) use these

models to establish theoretical and empirical limits of the figure of merit for

these oxides and other refractory materials.

During the first year of this project, existing data and theoretical models

were extensively reviewed and evaluated. The research emphasized the initial

measurements of high-temperature transport properties in the oxide systems based
on the In20 -SnO, (La,Y)(Mg,Ca,Sr)CrO, HfO-R 0-In0 and La(Sr)MnO This

2 3 2 3P 2- x y 2 3V anVaS)M .Ti
included the development of a novel technique for rapid, high-temperature deter-

mination of the absolute Seebeck coefficient. Based on the literature review

3and evaluation, the theoretical modeling effort concentrated on theories for the
figure of merit and the transport properties of both broad-band and narrow-band

3 semiconducting oxides, with particular emphasis on small polaron transport.

The research effort during this second year has continued to emphasize the

i determination of high-temperature transport property data that was initiated

during the first year on several oxide systems. The theoretical modeling has

focused on small polaron transport in narrow-band semiconducting oxides and has

been applied to the divalent metal-doped (Y,La)CrO system with the ABO perov-
3 3

skite structure. These results, conclusions, and future research are described

in the following sections of this report. In addition, the appendices contain

tabulated data and the drafts of two papers being prepared for publication.

2
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3.0 TRANSPORT PROPERT! MEASUREMENTS

The transport properties, which include the electrical conductivity,

Seebeck coefficient, and thermal conductivity, were measured for the series of

materials listed in Table 3.1. These materials include doped yttrium chromites,

In 20 3-SnO 29(a) and Zr0 2-Pr0 2-In 20 3*(a) Atogsmechromite 'ABO 3perovakite)

data were reported last year, the samples discussed in this report contained a

wider range of A-site dopants and each sample was given a standardized heat treat-

ment prior to the measurements. The chromite samples discussed in last year's

report were not all prepared under standardized conditions, which led to some

variation in transport properties.

3. 1 MEASUREMENT TECHNIQUES

Generally, the same techniques described in last yezar's report were usedI to

measure the transport data during this reporting period; however, some improve-

ments were made in apparatus and software. The electrical conductivity was

measured using the four-contact DC probe method. The electrical conductivity

apparatus was modified to accommodate two samples for simultaneous measurements.

Data obtained under identical conditions from two different samples can bc

readily compared. In addition, twice as many samples can be measured as before.

This apparatus is presently being further modified for computer-controlled data

acquisition.

The thermal conductivity was calculated from the product of the thermal

diffusivity (determined by the flash technique), specific heat (determined by

the rule of mixtures), and density. The thermal diffusivity apparatus has been

directly interfaced with a computer during this reporting period. The modifica-

tion allows data storage and preliminary calculation and graphic display of the

thermal diffusivity during the series of measurements, which increases cost

efficiency by identifying any data deficiencies. Final calculations are carried

out after a complete data set is obtained.

(a) The fabrication, transport property, and crystallographic studies for these
oxides were conducted in part under a U.S. Department of Energy contract by
Battelle, Pacific Northwest Laboratories. The data are included because of
their significance.
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TABLE 3.1. Sample Compositions

Sample

Identification Composition

AF-14 (La0.5, y0.5 )0 .9 8Sr0 .0 2CrO 3

AF-15 (La 0.5 , Gd 0.5) 0.98Sr 0.02Cr03

AF-16 (Y0.5' Gd0 .5 )0 .98Sr0 .0 2Cr0 3

AF-17 ( 0.99, Ba0. 0 1)CrO3

AF-18 (Y0.98, Ba.02 )Cr03

AF-19 (Y0. 95, Ba0.0 5 )CrO3

AF-20 (Y 0.98, Sr 0.02)CrO3

AF-21 (Y0.9 5 ' Sr 0. 5 )CrO3

AF-22 (Y0. 9 25 ' Sr0 .0 75 )CrO3

AF-23 (Y0.90, Sr0. 10 )CrO3

AF-24 (Y0.85 ' Sr0. 15 )CrO3

AF-25 (Y0.95 ' Ca0 0.)CrO 3

AF-26 (Y0. 8 75 ' Ca0.12 5 )CrO3

AF-27 (Y0.8 5 ' Ca0. 15)CrO 3

AF-28 (Y0. 98 ' Mg0 .0 2 )CrO3

AF-29 (Y0.90, Mg0 .10 )CrO3

AF-30 (Y0.85' Mg0 .15 )CrO3

AF-36 (La0.84, Sr0 .16 )CrO3

AF-38 (La0 .8 4, Sr0 .16 )(Alo 015, Cr0.85)03

AF-39 (La0 .9, Ca0 .1)(A10 .15' Cr0.85)03

AF-40 La(Mgo.02, Al0.15' Cr 0.83)03

AF-41 La(Mg0. 02, Al0 .15, Cr0.83)03

AF-42 (La0.9, Ca0 .1)(A1 0 .15' Cr0.85)03

FCCP-166 30 mol% PrO2, 70 mol% ZrO 2

FCCP-54 9.0 mol% In2 03 , 39.9 mol% PrO 2, 51.1 molZ ZrO 2

FCCP-144 75 mol% In203, 25 mol% ZrO 2
FCCP-160 18.2 mol% In203, 58.7 mol% PrO , 23.1 mol% ZrO 2

FCCP-93 20.1 mol% In2 0 39.6 mol% PrO2, 40.3 mol% ZrO 2

FCCP-52 23.0 mol% In0, 34.3 mol% PrO 42.7 molZ ZrO 2231 2'

FCCP-51 36.6 mol% In2 0 28.6 mol% PrO 2, 34.8 molZ ZrO2
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TABLE 3.1. Sample Compositions (Continued)

Sample
Identification Composition

FC-56 11.2 mol% In203, 89.8 mol% SnO2

FC-57 16.3 mol% In203 * 83.7 mol% SnO2

FC-59 31 mol% In203, 69 mol% SnO 2

FC-125 40 mol% In203, 60 mol% SnO2

FC-97-7 50 mol% In2 0 3, 50 mol% SnO2

FC-126 60 mol% In2 0 40 mol% SnO2

FC-97-9 70 mol% In2 0 30 mol% SnO2

FC-97-10 80 mol% In203, 20 mol% SnO2

I FC-160 90.2 mol% In203, 9.8 mol% SnO2

The novel apparatus developed on this program at Battelle to measure the

Seebeck coefficient has not been changed; however, the computer program has been

modified to properly correct for the emf of the Pt lead wires. In last year's

report, the emf of the Pt lead wires was incorrectly subtracted from the voltage

drop across the sample instead of added. (The data were not recalculated

because of deficiencies in material preparation noted above). The apparatus and

modified computer program were used to gather data and calculate the Seebeck

coefficients of the materials listed in Table 3.1. In addition, the Seebeck

coefficient of a Pt rod was determined for reference, and the measured data were

within two percent of the data of Laubitz (1969) and Moore and Graves (1973).

The transport data for each property was-fitted according to the following

equations:

log a = A +- BIT

log (a x T) - A + B/T

A (A + BT)
1

S - A + BT + CT
2 + DT3

where a is the electrical conductivity, 1/(ohm-cm), x is the thermal conduc-

tivity, W/m-K, S is the Seebeck coefficient, pV/K, and T is the temperature, K.

The coefficients A, B, C, and D (different for each property) were determined by

fitting the appropriate equation to the data. The fitted coefficients and

calculated transport properties are given in Appendix A for each composition

tested. The equations for log a and and log (aT) were fitted separately to the

electrical conductivity data; consequently, the values for a determined from

!
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these equations will differ somewhat. The Seebeck coefficient was determined as

a function of temperature using a third order polynomial, even though the model

in Section 4.2 for small polaron-conducting materials proposes a linear relation-

ship. The third order fit of the Seebeck coefficient was used in calculating

the figure of merit because it gave the best fit for all data over the wide

range of compositions and different conduction mechanisms.

The figure of merit (Z) and dimensionless figure of merit (ZT) were deter-

mined from the calculated equations for the transport properties by:

2

2
ZT - 2 * T

A

The figures of merit are given in Appendix A.

3.2 SAMPLE PREPARATION

The In203-SnO 2 samples were prepared at Battelle by pressing and sintering

coprecipitated powders. The details of the fabrication procedure are given in

Appendix B. The ZrO2-PrO2-In203 samples were also fabricated at Battelle from

coprecipitated powders using the same procedure.

The chromite samples (AF-14 to AF-30) were prepared by Harlan Anderson at

the University of Missouri, Rolla, by pressing and sintering powders prepared by

the liquid-mix method of Pechini (1967). Chromite samples AF-36 to AF-42 were

obtained from Hugo Schmidt (1981) at Montana State University. These samples

were prepared by either General Refractories Company or A-T Research Company.

The exact preparation techniques for these samples are unavailable.

All of the chromite samples were heat treated in air at 1500*C for 48 h,

followed by an additional 48 h in air at 1550*C. This heat treatment was

necessary to fully oxidize the samples, since they were fabricated under

reducing conditions.

3.3 RESULTS

The transport property data and calculated figures of merit for the

In203-SnO 2, the In20 3-PrO2-ZrO 2, and the AB0 3 perovskite systems are discussed

in this section of the report. Additional data are contained in Appendix A.

3.4



3.3.1 ITL 0 -SnO

The study of the structure and transport properties of the In2 0 3-SnO2

system was completed and a paper describing the results is attached, Appendix B.

These materials were of interest due to their high electrical conductivity,

which is greater than 1000 (ohm-cm)- I for compositions above 70 m/o In20 The

electrical conductivity increased with the concentration of In203 and reached a

maximum near 80 m/o In2 0 The Seebeck coefficient was negative for all compo-
sitions and became more negative as temperature increased. The Seebeck coeffi-

cient varied with composition; below 40 m/o In203, the Seebeck coefficient was

between -50 and -60 VV/K at 1000 K. From 40 to 80 m/o In203, the Seebeck coef-

ficient decreased from -100 to -30 UV/K with increasing In203 concentration.

The Seebeck coefficients increased slightly to -60 uV/K at 90 m/o In2 0 3. As the
Seebeck coefficient decreased, the electrical conductivity increased. The

3 dimensionless figure of merit (ZT) increased with the In 203 content and reached

a maximum of 0.2 for 70 m/o In203 at 1200 K, as shown in Figure 3.1. The dimen-

sionless figure of merit decreased significantly for the 80 m/o In203 composi-

tion due to an order of magnitude increase in thermal conductivity. The increase

in thermal conductivity was probably due to the contribution of the electronic

component to thermal conductivity, which was negligible for the other composi-

tions. The small negative Seebeck coefficient indicates that this materiall
0.20

1 l2n203 - SnO2

0.15 -

1 1200K

IZT 0.10 -10 K

30.05-80
1 0

0 20 40 60 80 100
Mole % n203

FIGURE 3.1. Dimensionless Figure of Merit (ZT) as a Function of In20 Content
23
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behaves as a degenerate semiconductor. The compositions exhibiting the

highest ZT values from 40 to 70 m/o In20 3 appear to be structurally related to

the rhombohedral In4 Sn30 12 (40 m/o) composition. A minor noncrystalline phase

present in this same composition range may also be affecting the behavior. The

minimum values of ZT near 80 m/o In203 are related to the body-centered-cubic j
(bcc) solid solution limit of SnO 2 in In203.

3.3.2 In 0 -PrO -ZrO

Depending on the composition and structure, this system can exhibit high

electrical conductivity with negative Seebeck coefficients or low electrical con-

ductivity with high positive Seebeck coefficients, as illustrated in Figures 3.2

and 3.3. The structure of this system consists of a number of phases, the most

important being a body-centered-cubic (bcc) In203 phase, which brings about the

high electrical conductivity. In the absence of the bcc phase, the electrical

3

2 75/0/25

36.16/28,6/34.8

0

1- 20.1/39.6/40.3

Y -23.0/34.3/42.7

S-3 -12,, .3/0/87.7
-4-

18.2/58.7/23.1Mole % N. ,

-5 -In /PO /ZO ' 0/50/50

0/15/85
0/30/70

20/5/75

.7
0.6 0.8 1.0 1.2 1.4 1-6 1.8 2.0

1000/K

FIGURE 3.2. Electrical Conductivity of In203-PrO 2-ZrO2 System
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conductivity of this system (primarily a pyrochlore, Zr2Pr20 7, and orthorhombic

Pr2In20 7) was low with high positive Seebeck coefficients indicating ionic con-

I duction similar to cubic ZrO The dimensionless figure of merit was less than

0.01 for these ionically conducting compositions. Similar behavior has been

observed in the isomorphic structure of In2 0 3-PrO -HfO 2
Compositions containing the bcc phase had high electrical conductivity with

negative Seebeck coefficients between 80 and 120 mV/K that became more negative

with increased temperature. As the electrical conductivity increased, the dimen-

sionless figure of merit increased. A maximum value for ZT of 0.18 was calcula-

ted at 1300 K for 75 In203-25 ZrO 29 as shown in Figure 3.4. All these composi-

tions behave similar to a degenerate semiconductor. Additional information onIthese materials is given in Appendix A.

1 450 030.0/70.0

9.0/39.9/51 11 +400

12.3/0.0/87.7

I +350 23/34.6/42.7

-1036.6/28.6/34.8

•75/0/25

18.2/58.7/23.1
i -50

Mole %
In2O3/PVOa/ZrOa

600 600 1000 1200 1400 1600
Temperature, K

FIGURE 3.3. Seebeck Coefficient for the In2 0 3-PrO 2-ZrO 2 Syste

I
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0.2

ln 203/PrO 2/Zr0 2  75/0/25

0.16

ZT 0.12

0.08

36.6/28.6/34.8

0.04 23.0/34.3/42.7
0/ 20.1/39.6/40.2

600 800 1000 1200 1400
Temperature, K

FIGURE 3.4. The Dimensionless Figure of Merit (ZT) for the In 20 3-PrO 2-ZrO2
System

3.3.3 ABO3 Perovskites

Electrical conductivity and Seebeck coefficient measurements have been

carried out on all the ABO3 materials received (and heat treated) this year.

Thermal diffusivity measurements were delayed because of the upgrade in the

apparatus, but are currently being carried out and will be reported in the next

interim report. The log (aT) decreased nearly linearly with inverse temperature

and the positive Seebeck coefficient increased nearly linearly with temperature,

both in agreement with the model for small polaron transport (discussed later).

The maximum values for the figure of merit, ZT, at 1000 K were on the order of

0.015 to 0.020. All of the results are tabulated in Appendix A.

An extensive investigation of the divalent-metal-doped (Y 1_xMx)CrO3 series

of materials (M - Mg, Ca, Sr, Ba) was carried out during the reporting period.

Characterization of the materials by optical and electron microscopy and x-ray

diffraction (XED) indicates that a second phase forms when x - 0.15 and suggests

that the solubility limit for the dopants is less than 0.15. Consequently, the

data for samples with x - 0.15 are to be viewed with some suspicion due to the

unknown effects of the second phase. In addition (as discussed later), a sig-

nificant fraction of Mg may actually substitute for Cr on the B-site, due to the
+2 +3

smaller ionic radius of Mg+ , which is similar in size to Cr+

3.8



The electrical conductivity, a,. results for (Y M )CrO series of mate-l-x x 3

rials are shown in Figure 3.5. The log (aT) decreased linearly with inverse

temperature, in agreement with the theoretical model for small polaron transport

(Section 4.2.1). The electrical conductivity generally increased with the

amount of dopant and was maximized with Ca as the dopant. The Seebeck coeffi-

cient for these same materials increased nearly linearly with temperature, as

shown in Figure 3.6, also in agreement with the model (Section 4.2.2). The

Seebeck coefficient generally decreased with the amount of dopant and was mini-

mized with Ca as the dopant. The dimensionless figure of merit, ZT, increased

with temperature as shown in Figure 3.7, for several of these materials. The

largest values of ZT occurred with Ca as the dopant.

The effects of the different dopant species are more clearly indicated in

Figures 3.8 and 3.9, where log (aT), S, and ZT at 1000 K are shown as a function

of ionic radius of the dopant. A rather sharp peak (a, ZT) or valley (S) occurs

when Ca is the dopant. This behavior can be attributed to the similar ionic
+2 +3

radius of Ca and Y+ , as indicated in Figures 3.4 and 3.5. As the ionic radius
+3

of the divalent dopant deviates from that of Y , more lattice distortion can be

expected, with generally detrimental effects. This suggests that maximum per-

formance probably occurs when the ionic radius of any dopant is close to that of

the substituted ion. This hypothesis will be explored further in future work

and helps to more clearly define the compositions to be studied.

Temperature, K
1500 1000 500

(Y1 -xMx) Cr0 3

4

1 0.010.05 Ca
3 0.10 Sr

5 120.15 Sr
.J 0.075 Sr

.. *0.05 Sr
--,. .15 Mg

.002 Sr
t '0.02 Mg

0.01 Sa a 10.05 Ba _

5 10 is 20

l/T, 10-4 /K

FIGURE 3.5. The Log (oT) as a Function of Temperature in (Y l Mx)CrO3 System
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600 (Yl-xMx) Cr0 3  0.05 Ba

0.02 Ba
500 0.02 Mg

. 0.01 Ba
O ... .. .. .. .. .. 0.02 Sr

W 400 0.!0 Sr
>-_ _ _ 0.05 Sr

:: 07 Sr

300~001 ~,0.1Sr
0.5 Ca 0.15 Mg

200 -- 0.125 Ca
0. 15 Ca

100 1 . I I I I
600 800 1000 1200 1400 1600

Temperature, K

FIGURE 3.6. Seebeck Coefficient as a Function of Temperature in (YI-XMx)CrO3
System

0.04

0.125 Ca

(Y1 -xMx) Cr0 3  , / 05 Ca
/

0,03

"0. 10 Sr

ZT 0.02 /0.10 Mg

-0.02 Mg

0.01 •' 0.05 Bs

0.02 Ba

0
600 800 1000 1200 1400 1600

Temperature, K

FIGURE 3.7. The Dimensionless Figure of Merit (ZT) as a Function of Temperature
in (Y IxMx)CrO3 System
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600 -(y 1 -M ) Cr0 3J 500 .7
~400-

>. A

d300-

200-

100 I . I A I

4- ~1000K
.X= 0 .1 5

AX = 0.10

3 N X =0.05

0 AV\X0.02

ICa*2
Mg 2 ISrz2 ,a+ 2

2 [. 4 1 ' ' 11 _10 0.04 0.08 0.12 0.16

Ionic Radius of M, nm

FIGURE 3.8. Log (oT) and S as a Function of Dopant Ionic Radius at 1000 K.
Open data points are based on linear interpolation orI extrapolation.

(Yi~xM X) Cr0 3  1000 K

I0.015 - X=0.15

X =x0 .10

0.010-

j ZT

I 0.005

Ionic Radius of M, nm

FIGURE 3.9. The Dimensionless Figure of Merit (ZT) as a Function of Dopant

Ionic Radius
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4.0 THEORETICAL STUDIES

4.1 EVOLUTION OF MODEL

During the first year of this program, several oxide materials were inves-

tigated as potential thermoelectric materials. Since oxides typically exhibit

small polaron conduction, theoretical studies of small polaron conductors were

begun. Initial efforts concentrated on literature review and the development of

analytical expressions for thermoelectric properties of small polaron materials.

During the current year, a fairly detailed theory for the thermoelectric proper-

ties of small polaron materials has been developed. The resulting model is used

to carry out calculations of the figure of merit. In addition, the model has

been used to interpret experimental data for the (Y _xMx) CrO3 perovskites.

In the following sections, the model for small polaron transport is dis-

cussed, data for perovskites are interpreted in terms of the developed model,

and modeling calculations for ZT are presented.

4.2 MODEL FOR SMALL POLARON TRANSPORT

A small polaron refers to a localized electron state. The electron state

is typically localized over a region on the order of a lattice constant.

Figure 4.1A presents a rather simple picture of such a state. Each ion is

surrounded by an "electron cloud" except the one located at the center, where an

orbital electron is missing from the center ion. As a result, the outer elec-

trons of the adjacent ions are attracted toward the center ion, and the energy

level of the empty electron state associated with the center ion is increased.

The raised energy level is shown in Figure 4.1B as an amount EBO above the

filled energy band. A "hole" is shown residing in this state. If an electron

fills the state, the energy level will be lowered to the top of the energy band.

The hole (absence of electron) can move through the lattice. A small polaron is

shown hopping between equivalent sites in Figure 4.1B. This process can, of

course, be viewed as a normal orbital electron hopping from right to left. Fig-

ure 4.1C describes small polarons located at inequivalent sites. As noted in

Figures 4.1A and 4.1B, energy is exchanged with the lattice during these hopping

processes.

4.1
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(A)

(B) Phonon (hw.o~)
Phonon (ti wao)

EBO

(C)

2J ~~Phonon (ti wf) Poo)( .

FIGURE 4.1. Schematic Illustration of Polaron Formation (A) and Electron Band
Diagram for Small Polarons Located at Equivalent Sites (B) or at
Inequivalent Sites (C).
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4.2.1 Electrical Conductivity

The electrical conductivity due to small polaron transport is given by

a - neU

where

n = small polaron concentration,

e - electronic charge,

- mobility.

The mobility, p, is given by

ea -E2
U" (-x)ea exp

where

E - activation energya

a - distance between sites0

v - optical phonon frequency

x - fraction of sites occupied by small polarons

The activation energy, Eat is the minimum energy that must be supplied to dis-

place those atoms about the initial and final sites so as to establish a coinci-

dent event, that is, to cause the electron energy level at the small polaron

site and the electron level at a neighboring site to be coincident. The value

of Ea is estimated to be on the order of E/2, where EB is the binding energy of

the polaron. For hops on the order of 4 X, the pre-exponential factor in the

expression for U is approximately 1 cm 2/V-sec. Thus, small polarons exhibit low

values of drift mobility.

The electrical conductivity due to small polaron transport can be fairly

large, since the density of carriers can approach the density of atoms in the

system. Let N be the density of atoms at which the small polarons may be0

located, and let x refer to the fraction of these atoms at which small polarons

actually exist. The small-polaron density is then given by n - xN .

I
I
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4.2.2 Seebeck Coefficient

The Seebeck coefficient (S) is the average energy transferred by a carrier

(Peltier heat) divided by eT. S has two terms; one term is related to the loca-

tion of the Fermi level, that is, the density of carriers. The second term is

dependent on the nature of the polaron hopping mechanism. The Seebeck coeffi-

cient can be written as

S - A + BT

where

A -k) in 2(1-x))
e x

B- ( z J2k k z J2k
- -) - - (-:)EB3 e)3

E B (EBo_ J

and EB has been estimated to be EBO - J, z is number of nearest available sites

for hopping, and J is the overlap integral.

The A-term has always been included in past treatments of small-polaron

transport theory. Recent work by Emin and Wood (1983) has led to the addition

of the B-term. Thermoelectric studies of boron-carbides revealed that S varied

linearly with temperature, and Emin and Wood determined that if hopping occurs

between inequivalent sites the B-term results, which can be very significant for

some thermoelectric materials. If the B-term is large, the Seebeck coefficient

increases dramatically with temperature. Since the figure of merit varies as
2S , the material can exhibit a significant increase in ZT with temperature.

4.2.3 Possible Values of ZT for Small Polaron Materials

Ure (1972) has calculated potential values of the figure of merit for broad-

band materials. He concluded that ZT may approach values on the order of 2 or

3. Heikes and Ure (1961) also examined the potential value of ZT for narrow-

band materials. They concluded that ZT for these materials may approach 0.2 or

0.3. However, Heikes and Ure did not account for the B-term in their study.

Calculations of ZT for small polaron materials that include the effect of hop-

ping between inequivalent sites are presented in this section.
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The following parametric values (typical of perovskites) were assumed in

these calculations:

thermal conductivity - 1.0 W/m-K

N 7.5 x 1027m
- 3

0 13
i 2 x 10 Hz

a 0.5 nm
0

z 6

EBO 0.2 eV

Values of the fraction of sites occupied (x), and the overlap integral (J),

were varied to give parametric plots of ZT. The range of these parameters are:

0< x <1.0

0 <J < 1.0

Calculations of possible values of S are given as a function of temperature

in Figure 4.2, while calculated values of the electrical conductivity versus T

are presented in Figure 4.3. These calculated values are combined with the assumed

value for thermal conductivity to give ZT versus T in Figure 4.4. It appears

that ZT values greater than 1.0 are quite possible for small polaron materials.

Two key effects are required: large values of x to give an adequate electrical

conductivity and a finite value for J, that is, hopping between inequivalent sites.

1000
EBO = 0.2 eV

VO1013 Hz
8001 No-7.5xlO

2 7 m 3

X005 J=00

56 0 00 0100 20

44.

200

4.54

0 1mm m mm •n
500 1000m 150 20m00mm



-J 0.1OeV0
105 --- J=

104

N N 
1 0

N O0.1

0000 1 50 2000 -

0 1.0 2.0 .3.0 4.0

p/T. 1 3/K

FIGURE 4.3. Theoretically Calculated Values for T as a Function of I/T

=0.4, 4J 0 12

I, 0.01
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500 10010020
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4.3 INTERPRETATION OF DATA FOR PEROVSKITES

Several different perovskite materials (ABO3) were studied this past year.

The Y _x xCrO3 series with M - Mg, Ca, Sr and Ba was investigated in detail.

These materials are assumed to have an electron band diagram described by

Figure 4.5A. The w-band is a narrow band with a tendency toward localization.

Figure 4.5B describes the expected band structure when divalent ions are substi-

tuted on the A-lattice. The divalent ion causes a hole to be formed in the

w-band. The hole is localized and is thus a small polaron state. The hole is
C4+

assumed to be in the form of a Cr ion.

Electrical conductivity data were acquired for temperatures between 500 K

to 1400 K. The electrical conductivity and Seebeck coefficient exhibit tempera-

ture dependence consistent with small polaron theory. Thus, a and S can be

expressed by the following relationships:

a T - exp (-Ea/kT)o a°

S -A + BT

Small Polaron
Electron State

(A) (B)
-e- "a-"

Sr-Band

r Band

YCrO3  Y1-x M, Cr0 3

FIGURE 4.5. Electron Band Structure for YCrO3 (A) and (Y1_xM)CrO3 (B)
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Transport parameters deduced by interpreting the data for a and S in terms of

the above expressions are tabulated in Table 4.1. Consider the materials for

which Ca, Sr and Ba have been substituted on the A site. For a given value of

x, the parameter A increases with the ionic radius of the dopant M. Since this

term primarily depends on the location of the Fermi level, the actual value of x

must be less than the intended value. Figure 4.6 describes the A-values

obtained for these materials versus x. The behavior of A for all materials is

in qualitative agreement with theory. The material for which the data deviate

the most is Y lxBa xCrO Both A and B increase with x. This behavior is not

yet understood. Although the electrical conductivity is relatively low, it is

also increasing with x; thus, the Y xBa xCrO 3 should be investigated further.

Referring to Figure 4.6, the A and A' are theoretical quantities defined by

A = (!) log (2 )
e e x

A' M (K ) log e ((1-x)
e e x

TABLE 4.1. Transport Parameters for Chromites

aTm@10001 K E A B J

Compound X (ohm cm K) (et) (MV/K) (UV/K2) (eV)

Y 1 xBa xCrO3  0.01 139 0.238 356 0.0394 0.0546

0.02 190 0.256 460 0.0426 0.0634

0.05 261 0.251 461 0.0489 0.0659

Y 1xSr xCrO 3  0.02 770 0.205 323 0.0427 0.0455

0.05 1337 0.180 283 0.0474 0.0394

0.075 1669 0.187 281 0.0459 0.0411

0.1 1932 0.182 262 0.0498 0.0411

0.015 1755 0.193 279 0.0319 0.0359

¥ 1_xCaxCrO 3  0.05 3420 0.208 204 0.0561 0.0532

0.125 7768 0.201 134 0.0449 0.0453

0.15 8800 0.173 110 0.0530 --

Y 1xMg xCr03 0.02 542 0.234 370 0.0700 0.0710

0.10 1060 0.225 300 0.0569 0.0603

0.15 1354 0.256 276 0.0241 0.0477
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II

I500
0 Y1-xBaxCr0 3

400 Yl-x SrxCr03

4 -Yl-xCaCr0 3

300 I0 Yl.x Mgx Cr0 3

II
300

S A' (Calculated) -,-,,:X A (Calculated)

0.005 0.01 0.02 0.05 0.1 0.2I x

FIGURE 4.6. Experimentally Determined Values for A in (Y1_xMx)Cr03 and
Theoretical Values for both A and A'

The factor of '2' included in the expression for A accounts for spin degeneracy.

There is no clear indication in Figure 4.6 that one of these forms, A or A', is

preferred. Let us assume that A' is correct. Examination of the experimental

results versus x indicates that substitution of Ca seems to result in more than

one small polaron per Ca atom; while in the other cases, there seems to be less

impurity going into the A-site than intended. The results for Ba substitution

do not agree with behavior predicted by the model for small polaron transport

I and are not understood at this time.

Results for the overlap integral, J, are plotted versus x in Figure 4.7.

The finite values of J indicate that hopping between inequivalent sites is

occurring in these materials. The most significant effect occurs with Mg, which

is consistent with the interpretation that some Mg goes onto the B-site.

I
I
I 4.9

I



0.1
0 Y1 - Ba, Cr0 3

0.08 * Yl-x Sr. Cr0 3
0.08 | Y 1-, Ca, Cr0 3

| | 0 Y1 -X Mgx CrO3

04

0

0.02

0
0.01 0.1

X

FIGURE 4.7 Experimentally Determined Values of Overlap Integral J in (Yx M x)CrO3

Electrical transport properties for these yttrium chromites have been

successfully interpreted in terms of small polaron theory. The results suggest

some possible approaches for improved (higher) ZT values of the chromites. The

addition of small quantities of Mg to the chromites for intended substitution

on the A-site results in significant increases of J and, consequently, B.

Apparently, a significant fraction of the Mg must substitute for Cr on the

B-site. Therefore, improved values of ZT might be achieved by the substitution

of Mg for a small fraction of Cr in a highly conducting chromite, such as

Y0.9Ca0 1 (Cr 1 -yMgy)03.
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1 5.0 FUTURE DIRECTION

Future research will continue to emphasize the small polaron transport

model. To verify and refine the model, experimental transport measurements will

investigate the effects of substitution in the ABO3 perovskite structure, particu-

larly substitution on the B or 0 sites, which should increase the inequivalent

Isites for hopping of small polarons.
The recent improvements in the thermal diffusivity apparatus will allow an

investigation of the effect of dopant (ionic radius) on thermal conductivity and

hence ZT. Lattice distortion, such as that discussed in Section 3.3.2, should

decrease thermal transport and increase ZT. These measurements have been initi-

Iated for the next reporting period.
Next year, studies will be initiated on other material systems, such as the

sulfides and oxysulfides. Sulfides are known to exhibit high electrical conduc-

tivity but lower thermal conductivity than the chromites (Taher and Gruber, 1981).

3 Initial work will concentrate on sulfur substitution for oxygen in the ABO 3

perovskites, since this will allow easy application of the model. Some material

preparation work has already been initiated. Eventually, other oxysulfides and

sulfides will be investigated with compositions based on model predictions.

5I
I
I
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1i

THERMOELECTRIC PROPERTIES

C NPOSiTION: !La0.5,10.5)0.08SrO.02Cr0Z

SAMPLE #: AF-14

CO4MENTS:

COEFFICIENTS TEMPERATURE, .

PROPERTY UNITS A B C D P, mINIMUM MAW4L

Ica sina 1/!onm-cm) 5.820E-il 3.864E+,12 ---- --- O 57 1544

ioaQtsigaxK) Klohm-cm) 4.124E+00 7.314E+02 ---.---- 0.909 567 1544

lambda WHI( -K) 2.927E-01 2.355E-04 ----.----- -... .

S u'PK 2.105E+02 3.49SE-01 -3.400E-04 1.216E-07 0.880 606 1 50

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loq(siqmaxK) lambda S L ZT
K 1/(ohm-cm) K/(Dhm-cm) i/ce-K uV/K h4

1 500 -1.908E-01 2.661E+00 2.436E-)Z 3.'5oE+02 2.4E-06 1.311E-03

2 600 -b.203E-02 2.?O5E+00 2.304E-02 3.243E02 L.9,6E-0e 2. 7ME-03
3 700 2.997E-)2 3.07E+00 2186E-02 3.305Eto2 5.354E-06 .74SE-03
4 800 9.896E-02 3.:OE+00 2.07E-02 3.350E+02 6.721E-06 5.425E-C3
t 00 1.526E-01 3.3!1E+00 1.992E-02 j.386E+02 S.221E-)o 7.J9qE-03

100 I.P56E-01 3.3Q3E+00 1.843E-'2 1.419E+02 .687E-Ab ?.67E-03
1!if 2.30 7E-01 455E+(Q 1.a,2EC, -- ?12,2 .. 42E-05 ..34E-I:2

8 1-60 2.600E- 1 .514E+0 1.779E-92 :.508E+02 I.298E-)5 !.546E-v2
2.94SE-01 3,561E+,0 1.57'-E-02 1573E+02 1.477E-v5 1.1E-o2

10 14v.0 3.. E-Ol .2E+00 1.i07E-02 3.075E,( 1, 700E-0,5 . 0E-02

NOTES

I? Thermal conductivitv cdta was estimated.

A.I
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THERMOELECTRIC PROPERTIES

COMPOSITION: (La0.5,Gd0.5l0.99Sr0.02Crl3

SAMPLE 1: AFi15

COMMENTS:

COEFFICIENTS TEMPERATURE, K

PROPERTY UNITS A a C D R2  MINIMUM MAIMUM

----- -------------- ---------- ---------- ---------- ------ -------

log sigma Id ohm-cm) 7.OOOE-O1 3.287E+02 ---- ---- 0.990 595 1543

log(sigmaxKl WIohm-cm) 4.125E+00 7.261E+02 ---- ---- 0.9"9 524 1441

lambda W/(m-K) 2.927E-01 2.355E-04 ---- ---- -- --

S WYK 3.040E+02 4.870E-02 -1.124E-05 8.351E-09 0.910 610 1339

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loqisiqmax() lambda S z iT
K l/(ohm-cm) W/ohm-ce) Mics-K WYK I1K

1 500 4.261E-02 2.673E+00 2.436E-02 3.265E+02 4.829E-06 2.414E-03
2 600 1.522E-01 2.915E+00 2.304E-02 3.309E+02 6.747E-06 4.04BE-03
3 ?00 2.304E-01 3.096E+00 2.19&E-02 3.354E+02 8.750E-06 6.12SE-03
4 800 2.891E-01 3.217E+00 2.079E-02 3.400E+02 1.082E-05 8.657E-03
5 900 3).34BE-01 '3.319E+00 1.992E-02 3.448E+02 1.297E-05 1.WbE-02

6 1000 3.713E-01 3.399E+00 1.899E-02 3.498E+02 1.519E-05 1.519E-02
7 1100 4.012E-01 3.465E+00 1.912E-02 3.550E+02 1.752E-05 1.927E-02

8 12.00 4.261E-01 3.520E+00 1.739E-02 3.606E+02 1.996E-05 2.395E-02

9 1300 4.472E-01 3.566E+00 1.670E-02 3.666E+02 2.254E-05 2.930E-02

NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMlPOSITION: Y0.5,6d0.5)0.99Sr0.02CrO3,

SAMPLE 1: AF-16

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log sigma 1/tohm-cm) 9.860E-02 9.245E+02 -- --- 0.990 552 1549

loqtsigoaxK) KI(ohm-co) 3.512E+00 1.314E+03 ---- --- 0.999 552 1549

lambda Oh@-K) 2.927E-01 2.355E-04 ---- ------- --

S uY'K 5.571E+02 -1.535SE-0I 1.940E-04 -6.505E-09 0.590 603) 1296

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loqisigmaxK) lambda S 5Z
K 1Ihohm-cij K/(ohi-ce) N/ca-K uy/K 1/K

1 500 -1.750E+00 8.835E-01 2.436E-02 5.280E+02 2.0-33E-07 !.016E-04
2 boo -1.442E+00 1.322E+00 2.304E-02 5.')'4E+02 4.460E-07 2.676E-04

3 700 -1.222E+00 1.634E+00 2.186E-02 5.424E+02 9.072E-07 5.650E-04
4 Boo -1.057E+1)0 1.869E+00 2.079E-02 5.551E+02 l.300E-Ob 1.040E-03
5 9030 -9.287E-01 2.05&2E.0O 1.982E-02 5.713E0~2 1.941E-06 1.747E-03
6 1000 -8.159E-0:" 2.199E+00 1.893E-02 5.911E+02 4.755E-Ob 2.755E-0)
7 1100 -7.419E-01 2.317E+00 1.812E-02 A-1431+02 1.772E-06 4.149E-03

3 1200 -6.718E-01 2.417E+00 1.738E-02 6.41(,E+02 5.032E-06 6.0!eE-03
9 !:') -6.1:iE-01 2.50!E+00 1.670E-02 i.711E.02 o.58lE-,)6 8.555E-03

NOTES

I? Thermal conductiyity data was estimated.
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THERMOELECTRIC PROPERTIES

COMPOSIrION: (YO.99,BaO.O0Cra3

SAMPLE I: AF-17

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C 0 R2 MINIMUM MAXIMUM

log siga I JIohm-cm) 1.5OOE-01 I.021E+03 ---.---- 0.990 624 1512

loq(siqmaxK) Klohs-ca) 3.575E+00 1.429E+03 ---- 0.990 624 1512

lamda /(m-K ) 2 .92 7E -0 1 2 .355E -0 4 ---- ----......... ..

S uV/K 1.068E+02 8.027E-01 -7.635E-04 2.501E-07 0.950 784 1312

CALCULATED THERMOELECTRIC PROPERTIES

Temperature loq siqma loqisigaaxK) lambda S Z ZT
K 11(ohm-cm) K/(ohf-ce) /ca-K uW/K I1K

1 700 -1.309E+00 1.534E+00 2.186E-02 3.804E+02 3.252E-07 2.276E-04

2 800 -1.126E+00 1.789E+00 2.079E-02 3.884E+02 5.425E-07 4.340E-04
1 900 -9.846E-01 1.987E+00 1.982E-02 3.931E+02 8.082E-07 7.273E-04
4 1000 -8.711E-01 2.146E+00 1.993E-02 3.961E+02 1.115E-O 1.115E-03
5 1100 -7.783E-01 2.276E+00 1.812E-02 3.989E+02 1.462E-06 1.609E-03
6 1200 -7.009E-01 2.384E+00 1.739E-02 4.029E+02 1.95BE-Ob 2.230E-03
7 1300 -6.355E-01 2.476E+00 1.670E-02 4.095E+02 2.324E-06 3.022E-03

NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITION: (YO.99,BO.02)CrO3

I SAMPLE I: AF18
C0M EwrS:

C 
COEFFICIENTS 

TEnPERATURE, K
PROPERTY UNITS A B C D RM MINIMUM MAXIMUM

log sigma 11tohm-cm) 1.500E-01 B.930E 02 ---- --- 0.990 569 1552

log(sigoaxK) K/(ohm-cs) 3.570E+00 1.290E+03 ---- --- 0.999 569 1552

lambda k/(m-K) 2.927E-01 2.355E-04 ---. ----

S uV/K 2.824E+02 6.152E-01 -5.971E-04 2.020E-07 0.690 590 1320

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma log(sigmaxK) lambda S z ZT
I K 1/Cohl-cm) K/iohm-cn) N/ce-K uVK I/K

1 500 -1.636E*00 9.891E-01 2.436E-02 4.660E+02 2.060E-07 1.030E-04
600 -1.3BE+00 1.419E+00 2,304E-02 4.902E+02 4.591E-07 2.755E-04

3 700 -1.126E+00 1.727E+00 2.186E-02 4.897E+02 8.214E-07 5.750E-04
4 800 -9.663E-01 1.957E+00 2.079E-02 4.958E+02 1.279E-06 1.023E-03
5 900 -8.423E-01 2.136E 00 1.982E-02 4.997E+02 1.812E-06 !.631E-03
6 1000 -7.430E-01 2.280E+00 1.893E-02 5.025E+02 2.410E-06 2.410E-03

7 1100 -6.619E-01 2.397E+00 1.812E-02 5.055E+02 3.071E-06 3.379E-03
8 1200 -5.942E-Ot 2.495E+00 1.738E-02 5.099E+02 3.807E-06 4.568E-03
9 1300 -5.369E-01 2.577E+00 1.670E-02 5.168E+02 4.646E-06 6.040E-03

NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITION: (YO.95,8aO.05)CrO3

SAMPLE #: AFI19

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A a C 0 R2 MINIMUM MAXIMUM

log sigma l/ohm-cm) 2.800E-01 8.747E+02 ---- ---- 0.990 571 1556

Ioq(sigmaxK) K/ohm-ca) 3.701E+00 1.273E+03 -- --- 0.999 571 1556

lambda WIa-K) 2.927E-01 2.355E-04 -- -- ----- --

S uV/K 4.75ZE+02 -8.IO0E-03 7.392E-05 -2.958E-08 0.760 601 1333

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loqlsimaxK) lambda S I IT
K I/(ohm-cm) K/(ohm-cs) W/cm-K uY/K 1/K

1 500 -1.469E+00 1.154E+00 2.436E-02 4.859E+02 3.289E-07 1.644E-04
2 600 -1.178E+00 1.579E+00 2.304E-02 4.906E+02 6.934E-07 4.161E-04
3 700 -9.696E-01 1.882E+00 2.186E-02 4.956E+02 1.205E-06 8.437E-04
4 800 -8. 134E-01 2.109E+00 2.079E-02 5.009E+02 1.855E-06 1.484E-03
5 900 -6.919E-01 2.266E+00 1.982E-02 5.062E#02 2.629E-06 2.366E-03
6 1000 -5.947E-01 2.428E+00 1.893E-02 5.114E+02 3.513E-06 3.513E-03
7 1100 -5. 152E-01 2.543E+00 1.812E-02 5.164E+02 4.492E-06 4.941E-03
8 1200 -4.489E-01 2.640E+00 1.73BE-02 5.208E+02 5.550E-06 6.660E-03
9 1300 -3.929E-01 2.722E+00 1.670E-02 5.246E+02 6.670E-06 8.671E-03

NOTES

I) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMP2SITION: iY.9B,Sr0.02JCr03

SAMPLE I: AF_20

COMMENTS:

COEFFICIENTS TEMPERATURE. K
PROPERTY UNITS A B C B R2  MINIMUM MAXIMUM

log sigma 1/(ohm-cm) 8.870E-01 7.9b4E+02 ---- ---- 0.990 468 1517

log(sigmaxK) Ki(ohm-cm) 4.269E+00 1.149E+03 ---- ---- 0.990 468 1517

lambda W (m-K) 1.355E-01 3.119E-04 ---- ----......

S uV/K 2.79 E+02 2.150E-01 -2.067E-04 7.689E-08 0.830 627 1518

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loglsigmaK) lambda S Z ZT
K 1!(ohm-cs) K/'ohm-cm) Nicm-K uVK I/K

1 500 -7.059E-01 1.971E+00 3.43!E-02 3.449E+02 6.825E-07 3.412E-04
2 600 ' 104E-01 2.354E+00 3.099E-02 3.507E+02 1.439E-Ob 8.635E-04
3 700 -2.508E-01 2.628E+00 2,826E-02 3.550E+02 2.504E-06 1.753E-03
4 800 -1.085E-01 2.e33E+O0 2.597E-02 3.585E+02 3.855E-06 3.084E-03
5 900 2.078E-03 2.992E+00 2.403E-02 3.616E+.2 5.468E-06 4.921E-03
6 1000 9.057E-02 3.120E+00 ?.235E-02 3.646E+02 7.32BE-06 7.32BE-03
7 1100 1.630E-01 3.224E+00 2.089E-02 3.682E+02 9.442E-06 1.039E-02
8 1200 2.233E-01 3.312E+00 I.962E-,2 3.727E+02 1.184E-05 1.421E-02
9 1300 2.744E-01 L.385E+00 1.849E-02 3.786E+02 1.458E-05 1.996E-02

10 1400 3.181E-01 3.448E+00 1.748E-02 3.863E+02 1.776E-05 2.487E-02

NOTES

1) Thermal conductivitv data vas estimated.

I
i A. 7

Ii



THERMOELECTRIC PROPERTIES

.::,PSV';jN: , u,.a,rU. ;5,CrO3

SAMPLE 4: AF 21

COMMENTS:

COEFFICIENTS ' ETPA'<
......~f t--NIA B C D R2 1.41fM 4A I

log s:qea !/ohm-cm? 6.ZO1E-: 5.1OE-0,2 ---- ---- -, 12 55'

log(siumaxK' Kdtonm-cm) 4.033E+00 9.067E+02 ---- ---- 090 521 !557

lambda 4/la-) 2.348E-01 2.927E-)4 ---- ---- ).;4 517 1411

S4y'i 3.412E+02 -1.3I0E-O-1 !.790E-94 -5.&24E-)B .cO 1: i38

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma 1ogisigmaxK) lambda S Z IT
K 1/,oh-.a K/!ohm-cm) 0/cm-, uV/K 1.1k

S -4. :'ME-31 2.220E()0 2.,59E-02 3. 131E+02 i. 3TE-I)o b.a52E-)4

2 5uU -2.5 33E-0)! 2. 2E + 2.473E-2 3. 144E4-02 2. 231E-)6 i.:'E-":
-,"*i -1.271E-O1 2.738E+O. 2.31!E-02 3. 172E.Q2 3. 24E-.h 2. 274E-('3

4 81010 -3.249E-02 2.9,"ff+0 2. ;7,'E-,2 3.I1E02 4.41 ',E-' Wy.SE-CZ
5 900 4.1!UE-02 3.026E+00 :.>,.,44E-32 ..258E+,1:2 5. "9E-% t1.BE-)3

10,10 i. 0':OE-1 3. I bF+)i' 1. q33E-02 :.",RE+: 7. V5E-.- .:35E-K
7 i1 I.482E-01 i 1.B32E-."2 Z.361E+,'2 3. 7 AE-)6 ?..L'
8 ..O ..8.EE')1 1 .E+(0 l.7 42E-(.2 .411 E *(,: 1...E- 1.2eE-.

9 .3-0 ;6E: 1.zovE-O2 :.45j4Et':'2' li;E-.5 1. !5E- ':
'.,"' -.'54E-'iI 2. :85E+0 I.taeE-,t 2 7. 4 E-.2 :. :-E-5. ..l

A.8



THERMOELECTRIC PROPERTIES

S.AMPLE 1: AF 22'

COMMENTS:

Z2EF-'iZ1ENT5 TEAPE-RATURE,
PROPERTY UNITS A 3 R2  ~ 1NIMUM MAXIPUM

10Q Siim li/ons-cm) 7. 25. AE -;"1 5. 2';6E 02 --- ---- 1'90 0 55!)

looliamaxK) K/ohm-cm) 4,16E+0~0 i.406E+02 ---- ---- 0.990 608 1556

lambda W/m-f) L.5;E-01 3.10qE-04 ---- ---- ----- --

Su!3. 721E+'i2 -T.091)E-:'l 2.::9E-1)4 -b.951E-09 0.eeo 751 4~

jCALCULATED THERMOELECTRIC PROPERT IES
Temperature log siama 1oqiSlQmaXrK) lambda 5 S7

fi(ohm-cm) 9K00fm-cm) N/c4-K UY/K 11K

S 70(0 -2.2; 0 E-02 2.81.'E,60 2.926E-02 3.161E,0 3,7352E-,b 21.347E-03
2 7.0551E-0K 09BE401, -.597E-42 jE4E*0Z 4.;90E-% L7E017 00l4E-01 !LUOE)A .7. 403E-02 3.20E+(o2 6.090E-06 5.")-01
4 i 0.)( 2.014E-01 1.224'0 2n.235E-62 7.2b5Et02 7. 582E-vi 7. a 2 E -

5 ~ ~ ~ ~ ~ ~ 1 11014"-l 330.0 2Q9-2 .15E*)2 9.:7v-06 -6J2E-,)
b 1200 4 . f7E -,)I Z'. 381E'00 27.96E-02 335~ ,2~ 27

I O 722E-Al 3.481E400 i. 964CE-A' 3651E,)2 i22:E-65 .2E)
B 4'0 :2 2i'E -01 7. 44 IE4)) .74E0A 417E+-2 I.1 531E05 72. 4E:

' 5)'~ ) .5:8E,00 1. 651,-0.1 1. 481E1r'1 Q .711-45 !.b(5E-I.

N~OTES

Thermal c -)uct:t i ata oa estimated.

A. 9



THERMOELECTRIC PROPERTIES

2 ,.MFCSITION: YfO. 9SrO2. !"3i rQ3

SAMPLE : AF_23

VMMENTS:

COEFFICIENTS TE.IPERATiRE, ,
PROPERTY UNITS A B C D R2  I N'IUM MAXIMUM
----- -------- ---------- ---------- ---------- ---------- ----- ------- -------

!o slqu 1/{ohm-cI) 7.650E-01 4.938E+02 ---- ---- C1.990 663 1523

log(sgeaxK) K/(ohm-cs) 4.203E+-)0 9.157E+02 ---- ---- 0.990 663 1523

Iabda 4i-9) 1.355E-01 3.119E-04 ---- ---- 0.990 500 i550

S.VK 2.191E+02 i.58CE-01 -9.842E-05 3. 104E-08 0.920 607 1474

CALCATED THERMOELEC)TIC PRAPERTIES

Tesoerature log sigea logiiamaxK' lambda S Z ZT
K 11(oh-cm) KIohs-cm) W/cm-K uViK I/K

------------- ------------ ------------ ------------ ------------ ------------
600 -5.903E-02 2.677E+O0 3.09E-02 2.852E+02 2.296E-)6 1. 37BE-03
2 70 5.,55E-02 2.895E+)0 .826E-12 2.921E+02 3.464E-,)b 2.425E-1.'
Boo 1.477E-01 .05'E+00 2.5q7E- 2 2.94E+02 4.81BE-06 3.855E-03

4 00 2. 163E-01 3. 186E+00 2,403E-1)2 3.042E+02 6.'339E-Ab 5.705E-03
5 !00,) . 1?C-.I '.2BEOO 2.235E-02 3.097Et02 9.615E-06 8.015E-0!
6 II",0 -i.iE-.)I 3.371E+00 2.089E-02 3.152E+02 ?.42E-,6 1.:110
7 .20 3.535E-0 3.440E00 I. 96.2E-02 3.206E+02 I. I :E-)5 I. 419E-02
3 i30o '.851E-ol '.499E'00 1.949E-"2 3.264E+02 1.39E-,)5 i.ig E-"C2
9 140 4. !23E-01 3.549E+00 I.748E-62 7."16E+02 t:FE E
1.) t5V) 4. 75BE-0l 3.593E+00 1. b57E-2 3. 394E,)2 1. S9E-,)5 2. 844E-02

A. 1O



THERMOELECTRIC PROPERTIES

COMPOSITION: (Y0.85,Sr0.15jCr03

SAMPLE #: AF_24

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log sigma L'(ohm-cm) 8.010E-01 5.656E+02 ---.---- 0.990 647 1521

Ioq(sigmaxK) K/(ohm-cm) 4.235E+00 9.829E+02 ---- ---- 0.990 647 1521

lambda W/ m-K) 1.355E-01 3.119E-04 ---- ----......

S uViK 4.497E+02 -5.740E-01 6.790E-04 -2.409E-07 0.870 604 1411

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loglsigmaxK) lambda S 1 ZT

i K 1Wohm-cm) KIhohi-cm) I/cm-K uVK I/K

1 500 -3.302E-01 2.269E+00 3.431E-02 3.024E+02 1.246E-06 6.229E-04
2 00 -I.417E-0I 2.597E+00 3.099E-02 2.978E+02 2.064E-06 1.23SE-03
3 700 -7.034E-03 2.831E+00 2.826E-02 2.990E+02 3.092E-06 2.I65E-03
4 g00 9.397E-02 3.006E+00 2.597E-02 3.O18E+02 4.353E-06 3.482E-03
5 900 1.725E-01 3.143E+00 2.403E-02 3.075E+02 5.856E-06 5.270E-03
6 1000 2.354E-01 3.252E+00 2.235E-02 3.138E+02 7.577E-06 7.577E-03

7 1100 2.868E-01 3.341E+00 2.089E-02 3.193E+02 9.444E-06 1.039E-02
8 1200 3.296E-01 3.416E+00 1.962E-02 3.224E+02 1.132E-05 1.359E-02
9 1300 3.659E-01 3.479E+00 1.849E-02 3.218E+02 1.301E-05 1.691E-02I
NOTES

1) Thermal conductivity data was estimated.

I

I
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THERMOELECTRIC PROPERTIES

SAMPLE 4: AF_25

'0MKENTS:

COEFFICIENTS TEMPEpA,RE.
PRLPERTY UNITS A 9 C D R2  4IN1,UL PA11u".

,.' sigma 1, ohm-csi 1.176E+00 7.562E+02 ---- -57 -92

9.B2OE-,I 3.69E+02 ---.---- 0.989 992 1543

ioqgimaxK) Kiohm-cim 4.720E+00 1.106E07 ---- ---- (.gqq 657 991

4.50oEO0 .984E+02 ---- -O. Q Q2 ,9'9

lambda w/a-K . 2. 7E- I 2.55E-)4 --.-----

S av/k I.bE+02 I..124E-1 -2.137E-04 8.457E-A)8 (.'55 564 15'4

CAL.'ULATED THERMOELECT-RIC QP nERTIES

Teoperature i;o sima 1oosIgmaV0 lambda S 'T

K ' Io -cm) /!Ohl-cl W/¢I-K uVk 1iK

.0 1... 3E-. 2.877E+00 Z.D34E-02 2.411E+02 ', '66E-')6
102. KBE-v 3. 14vE+)# 2. 186E-,12 2.459E*02 ".428E-O'b 3.'? 0E-)3
8,A) 4.281E-0, '.338E00 .. 79E-112 2.499E+'2 9.(56E-36 i.444E-03

4 905 ,714E-')1 . 5E+,O0 1. c8E-,)2 .538E '  1.211 E-15 I.,')E-,2
5 P".0! 6.124E-,; ! 3.6OE+00 1. a9SE-2 2.590E+' 12 .440E-,)5 .4 E-)2
6 1L. 6,0 . 4CE-,)! :. 6BOE+OO 1.812E-'2 :. c:qE.')2 i. b SE-,)5 I. 57E-*.2

1200 . 46E-,)I .757E+00 .38E-u2 2. 2E,<' I.9oeE-)5 2.31oE-I2
3 :;: . 7E-'.11 . IU , )''(1 1.70E-S2 .7;E-o, 2.2 5E-15 . B E-,::

7. d(iE-,I 3. 864E+),J I.607E-j2 2.97 7E+;K 2,o'OE-5 . -
.... ..) 71.bE'-01 .907EA.C0 1.546E-,,'2 1 E62 SE,' 4.7TIE-K

%QTES

Tnerea! conduct"'-t. jata was estllated.

A. 12



THERMOELECTRIC PROPERTIES

I

SAMPLE I: AF 26

COMMENTS:

I COEFFICIENTS TEMPEPATURE. K
PRCPERTY UNITS A C R2 MINU IMUM

log slana lI hs-ts) 1.580E+0o 6.b3BE+02 -- -- 0.994 643 1179

1.199E+00 2.331E+02 ---- ---- 0.862 1179 !520

I lioasiqmax) C/ohe-cm) 4.956Et00 1.055E+)3 ---- --- 0.992 643 i170

4.760E+00 31.13E+04 ---- .992 !1" i520

laabda 1(04- 4.219E-01 2.120E-04 ---- ---- 0.976 47 140-7

S uV/K 8.480E+01 2.107E-01 -1.64BE-04 5.368E-08 0.q90 602 I341I
CALCULNTED THERMOELECTRIC PROPERTIES

I Temoerature Ina siQa 1 qisiomaxK; lamoea S Z ZT
l"oni-ce, W~ons-cal Wce-0 uVK 1K

i 500 2.124E-01 2.846E+O0 1.894E-02 !.557E*,2 1.ubE-,) 1.,'43E-03
02 0 4.403E-01 3.198E+00 1.2!E-02 1.635E+02 4.045E-06 2.427E-03

6,,31E-01 3.44qE+00 1.754E--2 1.699E+02 6.065E-9e 4.623E-03

I 4 B('O .253E-,)1 3.637E-O0 1.69E- I754E+2 .b3E-,b 730E-03
5 01) 8.202E-01 3.784E+00 1.632E-02 1.901E*)2 .313E-'-5 1. 12E-(2

, 8.962E-Al 3.?OIE400 1.57eE-o2 1.844E,02 !.b@7E-05 l.697E-02
l!)8 , 7IE-,) i 4.022+00 1.527E-02 1. 886E,)2 2.22E-,)5 2.42E-,E2

8 1i 1. :15E+00 4.05E+f0 1.479E-':: .3! Et*2 2.54qE-u 3.CE-02

i;( .. J'E°')0 4.j355E4 )0 1.$4E-u2 L1.. C2 .. .. .'2,-

I
I
I

I
~A.13
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THERMOELECTRIC PROPERTIES

MPOSP~iN: )9.a5,Caj.i5CrJ3

SAMPLE #: AF27

COMMENTS:

rOEFFICIENTS TEMPERATURE. K
PR2PERTY UNITS A B C D R2 MINIMUM MAXIMUM

log siga l/ohs-cm) 1.401E+00 4.605E+02 ---.---- 0.999 736 1193
1.258E+00 2.914E+02 ---- ---- 0.997 1103 1550

Iog.simaxk) Khoho-ca) 4.768E+00 8.221E+02 ---- 0.999 557 1183
4.015E+00 8.653E+02 ---- ---- 0.999 1163 1550

lamoda Wife-K) 1.69;E-01 B.57JbE-4 ---- 9.904 543 1401

S uV!K 7.894E+01 1.439E-01 -8.630E-05 2636E-08 0.986 626 1458

CALCULATED THERMOELECTRIC PROPERTIES

Temperature oq slgea 1ogmsiqaax) laibda S ZT
e lioha-cm) Kilohm-cs) wicA-K uViK 1/K

* 60') o.335E-01 3.396E+00 !.462E-02 1.39 E+02 5.757E-06 3.454E°03
6 00 4- 1. , . . ...

,.4UE-01 I.594E 00 l.299E-K2 1.464E+02 9.135E-06 6.'94E-03
3 300 8.254E-01 3.740E,00 !.169E-02 !.523E+02 1.326E-05 1.062E-02
4 00 9.893E-01 3.e55E 00 I.o02E--^ 1.57SZ+02 !.616E-)!5 1.34E-02
5 1000 9.405E-01 3.94aE+00 9.736E-03 1.I2LE.02 2.376E-05 2.37 E-02

1i00 9.931E-01 4.02sE+00 8.987E-03 1.679E*02 3,07E-0,5 3.306E-02
7 1200 1.015E*0) 4.094E+00 9.344E-03 1.729E+02 7.710E--)5 4.45"E-02
S 1100 1. )4E+00 4.149E*00 7.787E-63 1.781E-02 4.403E-05 5.724E-02

1i409 i,)50E*O0 4.197E+00 7.29OE-0: l.a3eE-.v2 5.179E-05 7.251E-02

A. 14
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THERMOELECTRIC PROPERTIES

;OMPOSITICN: (YO.98.Mqu.j2CrO3

SAMPLE 1: AF_29

COMMENTS:

COEFFICIENTS TEMPERATURE,
PROPERTY UNITS A B C D R2  MINIMUM 4AXIMuM
------ ---------- ---------- ---------- ---------- ---------- ---------- ----- ------- -------
100 sigma /tohm-cm) 7.400E-01 9.516E+02 ---- ---- 0.96 e07 875

3.500E-01 6.046E+02 ---- ---- 0.999 875 1547

log(siomaxK) K/(ohm-cm) 4.037E+00 !.264E+03 ---- ---- 0.997 607 875
.857E+00 1.108E+03 ---- ---- 0.99 875 1547

2.lambda WIm-K) .927E-01 Z.355E-04 ---- ----

S uV/K 4.925E+02 -1.900E-01 1.555E-04 -2.774E-08 0.972 749 1516!
CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma logsiamaxK) lambda S Z ZT
K !/(ohm-cA) K/(ohm-cm. O!cm-K uV/. I/K

---- ------------ ------------ ------------ ------------ ------------ ------------ ------------
1 60 -9.459E-0 1 i.930E+00 2.304E-01 4.293E+02 1.140E-06 6.843E-04

2 700 -6.194E-01 2.231E+00 2.186E-02 4.275E+02 2.OO9E-06 l.406E-03
3 800 -4.057E-01 2.472E+00 2.079E-02 4.278E+02 3.460E-06 2.76SE-03
4 900 -3.217E-01 2.626E+00 1.982E-02 4.301E+02 4.450E-(6 4.005E-03
5 10Q0 -2.546E-01 2.749E+00 I.893E-02 4.342E+,2 5.541E-)6 5.541E-03
6 1100 h1.9;6E01 2.850E00 1.812E-02 4.400E+' 6.74tE-U6 7.4Z1E-031 1200 -1.53SE-01 2.934E+00 1.73SE-02 4.474E+02 9.079E-06 q.6g5E-93

B0-.5E-01 3.005E+00 1.bIOE-'02 4.5biE*02 9.55BE-Ab 1.243E-'
9 1400 -8.!84E-02 *.066E+0 1.607E-02 4.66!E+1)2 I.120E-05 1.568E-02

10 1500 -5.305E-02 3.IIBE+O0 1.54BE-02 4.772E+02 I.302E-05 !.953E-02I
NOTES

m•I- I Termal conductivity data was estimated.

I
I

~A.15
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THERMOELECTRIC PROPERTIES

SAMPLE : AF-29

COMMENTS:

L1EFFICIENT5 TEMPERATURE, k
PKPER1Y UNITS A B C D R2  MINIMUM RAXIfl!

Iog siqoa I/(ohs-cm) 9.670E-01 8.977E+02 ---.---- 0.992 609 987
5.400E-01 4.91E+02 ---- ---- 0.997 997 1549

Ioq(sioaaxK) KlWonm-cm) 4.291E+00 i.229E+03 ---- . 0.998 609 987

4.064E+00 i.019E+03 ---- ---- 0.999 987 1149

l a m b d a I ~s -K ) 2 .9 2 7 E -0 1 2 .3 5 5 F v 4 -- - - -- --.. .. ... ....

S uV/K 2.960E+02 1.910E-01 -2.203E-04 8.953E-08 0.825 618 1477

CALCULATED THERMOEI.1TRIC PROPERTIES

Tesperptdre !og sigma loqtsiqaaK) lambda S I IT
K 1l(ohm-cm) Kl(ohm-cu) Wics-K uV/K 1/K

I 500 -9.293E-01 1.834E+00 2.436E-02 3.497E+02 7.45JE-07 3.72E-04
2 600 -5.291E-01 2.243E400 2.304E-02 3.527E+02 1.59bE-06 9.577E-04

700 -3.154E-O1 2.536E+00 2,1B6E-02 3.545E+02 2.781E-06 1.947E-03
4 800 -1.551E-01 2.755E+00 2.079E-02 3.557E#02 4.259E-06 3.407E-03
5 900 -5.884E-03 2.93LE 00 13982f-02 3.5 8 E02 6.3464-l6 5.703E-03
b 1000 4.870E-02 3.045E+00 1.993E-02 3.583E+02 7.584E-06 7.584E-03
7 1100 9.317E-02 3.137E-O0 I.81ZE-02 3.607E+02 8.902E--)6 9.792E-03
8 1200 1.30bE-O1 3.215E+00 1.73SE-02 3.647E+02 i.034E-05 1.240E-02
9 1 00 1.621E-01 3.290E+O0 1.670E-O2 3.707E!J. 1.195E-05 l.554E-02
10 1400 1.891E-01 3o33bE+O0 1.6O7E-02 '.793E+02 1.384E-05 l.939E-02

40TES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

SAMPLE 0: AF Y0

£2M4ENTS:

COEFFIC!ENTS TEWPERATURE, k
PROPERTY ,NITS A a C D R2  INIMUM 4AXIMUR

log sloa 1, 10h-cl) 1.190E+O0 1.030E+03 ---- ---- O.qqg 618 149
6.840E-01 4.936E+02 ---.---- 0.995 1099 1520

loqtsigmaxK) K/tohte-ce 4.539E+00 1.30E+,j3 ---- ---- 0.999 619 I19
4.228E+00 1.049E+33 ---- -- 0.999 1089 1520

lambda ii(s-K) 2.92E-01 2.355E-o4 ---- ---- -

S uViK 3.562E+02 -1.750E-01 1.450E-04 -2.96BE-0 0.380 boo i461

CALCULATED THERMOELECTRIC PROPERTIES

Tesoerature loq siqa loqisiqaaxK) lambda S Z ZT
K 1! ohm-cs) /(ohs-c) i/cm-K uY/9 I/K

1 500 -8.708E-01 1.779E+00 2.436E-92 3.013E402 5.OTE-07 2.508E-04
2 600 -5.27E-01 2.239E+00 2.'04E-02 2.970E+02 1.137E-06 6.922E-04
3 700 -2.820E-01 2.567E+00 2.186E-02 2.946E+02 2.075E-06 1.452E-03
4 O0Q -9. T99E-o2 2.814E+0O Z.079E-o2 2.9%'E12 3.:!5E-06 2.o52E-03

5 90 4.512E-02 3.005E+00 1.992E-02 2.446E+(2 4.858E-06 4.372E-03
b 1000 1.904E-01 3.179E+00 1.893E-02 2.9tE+02 .2'2E-06 7.202E-03

7 1) 2.35"E-01 3.275E+00 1.812E-2 2. qQE+(;2 3-5I9E-06 q.j71E-3
8 1200 2.727E-01 3.354E+00 1.738E-,023.038E.01 .4eE-v6 1.103E-02
9 1700 3., )43E-01 3.421IE+00 1.670E-02 3.086E+02 1.149E-05 1.494E-02
i0 !440 3.315E-01 3.479E+00 1.bO7E-02 3.140E+)2 1.316E-05 1.843E-02

11 1500 3.550E-01 3.529E+00 1.549E-02 3.098E,02 1.496E-05 2.244E-02

4OTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITIOW CL&O.84,SrO.16)CrO3

SAMPLE #: AF-36

COMMENTS: egf. by General Refractories

COEFFICIENTS TEMPERATURE, K

PROPERTY UNITS A B C D R2 MINIMUM MAXIMUM

log sigma l/oha-ca) 1.067E+00 1.321E+03 ---- ---- 0.999 651 1173

1.994E4'O0 2.419E+03 ---- --- 0.996 1173 1549

loq(siqmaxK) K/ohm-cs) 4.508E+00 1.744E+03 ---- --- 0.994 651 1548

lambda Vla-K) 2.927E-01 2.355E-04 ---- ---- ----- --

S uV/K 1.772E+02 4.OOOE-03 -3.984E-06 9.900E-09 0.943 6.06 1449

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma IogisigmaxK) lambda 5 I ZT
K W/ohm-ca) K/ohm-ca) Wicm-K WVK I/K

1 600 -1.135E+00 1.601E+00 2.304E-02 1.803E+02 1.033E-07 6.196E-05
2 700 -9.20SE-01 2.016E+00 2.186E-02 1.614E+02 2.275E-07 1.593E-04
3 900 -5.049E-01 2.328E+00 2.079E-02 1.829E+02 4.186E-07 3.349E-04
4 900 -4.013E-01 2.570E+00 1.982E-02 1.848E+02 6.839E-07 6.155E-04
5 1000 -2.545E-01 2.764E+00 1.893E-02 1.871E+02 1.029E-06 1.029E-03
6 1100 -2.054E-01 2.922E+00 1.812E-02 1.899E+02 1.241E-06 1.365E-03
7 1200 -2.209E-02 3.055E+00 l.73BE-02 1.934E+02 2.044E-06 2.453E-03
8 1300 1.330E-01 3.166E+00 1.670E-02 1.974E+02 3.170E-06 4.121E-03

NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITION: (LaO.84,SrO.16)(AIO.!5,CrO.85)03

SAMPLE 1: AF-38

COMMENTS: mfq. by Beneral Refractories

COEFFICIENTS TEMPERATURE,

PROPERTY UNITS A 0 C D R2  MINIMUM MAXIMUM

log sigma 1/(ohm-ce) 1.020E+00 1.212E+03 ---- --- 0.996 637 12,80

2.644E+00 3.264E+03 ---- ---- 0.97? 1280 1515

Iog(sigmaxK K/(ohm-cm) 4.411E+00 1.595E+03 ---- ---- 0.9q5 637 15!5

lambda WI(m-K) 2.927E-01 2.355E-04 ---- -------- --

S uV/K 1.294E+02 1.120E-01 -1.207E-04 5.454E-09 0.977 612 1459

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma logisigmaxK) lambda S z TIK l/ohm-cm) KI((oha-ce) 0/cm-( UVK I/K

I S00 -1.404E+00 1.211E+00 2.436E-02 1.611E+02 4.196E-08 2.,)9eE-")5I 2 00 -1.000E+00 1.75.,E+00 2.304E-02 1.639E+02 1.166E-07 6.9q4E-05
3 700 -7.117E-01 2.!733E+00 2.196E-02 1.664E+02 2.460E-07 1.722E-0

4 800 -4.q52E-01 11.418E+00 2.079E-02 1.687E+02 4.377E-07 -C02-4
5 900 -3.126qE-01 2.639E+00 1.982E-02 1.71 2E+02 6.969E-07 6.272E-04I6 1000 -1.922E-01 2.816E+00 1.893E-02 1.743E+02 1.030E-46 1.03,)E-03
? 1100 -B.19BE-02 2.961E+00 13812E-02 1.782E+0? 1.450E-06 1.595E-03
a 1200 -7.623E-02 3.082E+00 1.73BE-02 1.832E+02 1.621E-06 1.945E-03I9 IS00 1.336E-01 3.184E+00 1.670E-02 1.899E+02 2.932E-06 3.812E-03
10 1400 3.1144E-01 3.27'&E+00 1.607E-02 1.993E4012 5.024E-06 7.U34E-03

I i1) Thermal conductinty cata was estimated.
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THERMOELECTRIC PROPERTIES

COftPOSIT~rUN: au9au iO 5C'.)0

SAMPLE #; AF-39

COMMENTS: afg. by A-T Research

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A 8 C D R

2  MINIMUM MAXIMUM

log sigma 1/toho-cm) 1.376E+00 2.473E+02 ---- .... 0.993 666 1094
1.222E+00 8.217E+01 ---- ---- 0.917 1094 1517

log(sigpaxK) K!oha-cm) W.53E+00 6.211E+02 ---- ---- 0.999 666 1517

lambda W/(u-K) 2.927E-01 2.35SE-04 ---- ----- --

S UVIK 1.2822+02 2.200E-01 -2.304E-04 8.783E-08 0.900 641 1421

CALCULATED THERMOELECTRI C PROPERT IES

Temperature log sigma log(sigmaxK) lambda S I IT
K 1/ohm-cm) K/(oha-cm) W/cm-K UV/K 1/K

1 60O 9.639E-01 3'.718E+00 2.304E-02 l.962E*02 J.537E-05 9.22.42 u3
2 700 1.023E+00 3.866E+00 2.186E-02 1.994E+02 1.917E-05 1.3422E-02
j goo 1.067E+00 3.977E+00 2.079E-02 2.017E+02 2-283E-05 1.826E-02
4 900 1.101E+00 4.063E+00 1-982E-02 2.036E+02 2.641E-05 2.376E-02
5 1000 1.140E+00 4.132E+00 1.993E-02 2.056E+02 3.081E-05 3.0912-0?
6 1100 1.147E+00 4.1892+00 1.811E-02 2.003E+02 3.360E-05 3.696E-02
7 [200 1.1542+00 4.2352+00 1.7382-02 2.122E+02 3.68BE-05 4.4252-02

1300 1.159E+00 4.2752.00 1.670E-02 2.720 .920i.2Ev

NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

CGMPOSITION: La(Mq0.02,AI0.l5,CrQ.83103

SAMPLE #: AF-40

COMMENTS: mig. by General Refractories

COEFFICIENTS TEMPERATURE, K

PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log sigma 1/(ohm-cm) 4.110E-01 4.080E+02 ---- ---- 0.997 661 1092
2.640E-01 2.506E+02 ---- ---- 0.987 1092 1521

loq~sigmaxK) K/(ohm-cu) 3.791E+00O 7.840E+02 ---- --- 0.999 661 1521

lambda Wll-K) 2.927E-01 2.355E-04 ---- -------- --

S uV/K 8.5001E+01 1.214E+00 -1.655E-03 6.442E-07 0.691 601 1437

CALCULATED THERMOELECTR[C PROPERTIES

Temperature log sigma log(simaxK) lambda S I ZTIK 1/(ohl-ca) K/ohm-cm) N/cm-K uV/K 11K

1 600 -2.690E-01 2.484E+00 2.304E-02 3.928E+02 3.603E-06 2.162E-03I2 100 -1.719E-01 2.671E+00 2.196E-02 3.868E+02 4.609E-06 3.226E-03
3 BOO -9.901E-02 2.811E+00 2.079E-02 3.748E+02 5.382E-06 4.305E-03
4 900 -4.234E-02 2.920E+00 1.9e2E-02 3.607E+02 5.955E-06 5.360E-03
5 1000 1.343E-02 3.007E+00 1.893E-02 3.482E+02 6.606E-06 6.606E-03
b IWO 71.6-11E-02 3.079E+OO 1.812E-02 3.413E+02 6.q85E-06 7.684E-03
7 1200 5.519E-02 3.138E+00 1.73BE-02 3.438E+02 7.721E-06 9.265E-03
8 1300 7.12&E-02 3.I88E+00 1.670E-02 3.596E+02 9,123E-06 1.!86E-02

NOTES

01 Thermal conductivity data weas estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITION: La(Mq0.02,A0.5Cr0.83)O3

SAMlPLE #: AF-41

COMMENTS: af q. by A-T Research

COEFFICIENTS TEMlPERATURE, K

PROPERTY UNITS A B C a R2  MINIMUMf MAX1IMUM

log sigma lIohm-cm) 9.020E-01 3.q05E+O? -- ---- 0.494 632 1187
6.280E -01 1.956E+02 ---- --- 0.999 1186 1509

loq'sigmaxK) W/ohm-cm) 4.179E+00 7.612E+02 -- --- 0.999 632 1509

lambda W/(@-K) 2.927E-01 2.355E-04 ---- ----- --

S uV/K 5.032E+02 -4.950E-01 4.619E-04 -1.327E-07 0.567 603 1385

CALCULATED THERMOELECTRIC PROPERT IES

Temperature log sigua loglsigmaxK) lambda S z iT
K 1/(ohm-cm) K/(ohm-ce) W/cm-K uV/K I/K

1 500 2.091E-02 2.657E+00 2.436E-02 3.546E+02 5.414E-06 2.707E-03
2 boo 1.511E-01 2.910E.00 2.304E-02 3.438E+02 7.264E-06 4.35BE-03
3 700 2.441E-01 3.092E+00 2.186E-02 3.375E.02 9.142E-06 6.399E-03
4 800 3.I3BE-01 3.227E+00 2.079E-02 3.348E+02 1.1IIE-05 B.989E-03
5 900 3.681E-01 3.333E+00 1.992E-02 3.351E+02 1.322E-05 L.9IM-02
6 1000 4.115E-01 3.418E+00 1.893E-02 3.374E+02 1.550E-05 1.550E-02
7 1100 4.502E-01 3.497E+00 1.812E-02 3.409E+02 1.909E-05 1.989E-02
8 1200 4.650E-01 3.545E+00 1.73BE-02 3.450E+02 1.99BE-05 2.397E-02
q 1300 4.776E-01 .3.593E+00 1.670E-02 3.487E+02 2.187lE-05 2.843E-02

NOTES

1) Thermal conductivity data oas estimated.
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THERMOELECTRIC PROPERTIES

COMPOSITION: (LaO.9,Ci0.I)(A10.I5.Cr0.95)O3

I SAMPLE 1: AF-42

C O M M E N T S : f q . b y e n e r a l R e f r a c t o r i e s C O F I E N ST 
M R A U , K

PROPERTY UNITS A B C D R MINIMUM MAXIMUM

log sigma 1Ihh-cs) 1.301E+00 4.848E+02 --- ---- 03994 581 1187
1.068E+00 1.999E+02 ---- ---- 0.934 1197 1507

Iloq(siqmaxK) K/(ohm-cm) 4.672E+00 8.471E+02 ---- --- 0.998 591 1507

lambda W/(m-K) 2.927E-01 2.355E-04 ---- ------- --

S uV/K 1.424E+02 1.650E-01 -1.456E-04 5.239E-08 0.942 603 1324

ICALCULATED THERMOELECTRIC PROPERTIES
Temperature log sigma loq(sigoaxK) lambda 5 z ITIK W/ohm-cm) W/ohm-ce) N/cm-K uV/K l/K

1 500 3.315E-01 2.979E+00 2.436E-02 1.950E+02 3.34BE-06 1.674E-03
2 600 4.931E-01 3.260E+00 2.304E-02 2.003E+02 5.416E-06 3.250E-03
3 700) 6.085E-01 3.462E+00 2.186E-02 2.045E+02 7.766E-06 5.436E-03
4 Boo 6.951E-0I 3.613E+00 2.079E-02 2.080E+02 1.031E-05 S.250E-03
5 900 7.624E-01 3.731E+00 1.992E-02 2.111E+02 1.301E-05 1.171E-02I6 1000 8.162E-01 3.825E+00 1.893E-02 2.141E+02 1.587E-05 1.587E-01,
7 1100 8.87.,E-01 3.902E+00 1.912E-02 2.174E+02 2.OIlE-05 2.213E-02
8 1200 9.023E-01 3.966E+00 I.73SE-02 2.212E+02 2.248E-05 2.69GE-02
9 1300 9.150E-01 4.020E+00 1.670E-02 2.259E+02 2.513E-05 3.266E-02

I NOTES

1) Thermal conductivity data was estimated.
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THERMOELECTRIC PROPERTIES

SAPPLE 4: FCCPI66

COMMENTS:

COEFFICIENTS TEMPERATRPE. K
PROPERTY UNITS A B C D R2 .NMM xI1uAM

l0o sigma .!ohm-cm) 2. 751E+0O 5. 447E+03 ---.---- 0.995 585 .555

loq 'sigaxK ) KWI ohm-cm ) ----................

la m b d a h m V- K ) 5 .O ')E - I - -- - - - - - - - --.. . .. . ..

S uVJ -. m05E'027 "'299E+i)O -I.u51E-03 2'4E-07 '.426 8!5 i3

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma !oo'sxqmaxK) lambda 5 ZT

K i;tohvl-ci K'o m-Cm) W/ca-f uVIK !1K

1 71)0 -5. ,2SE+O0 -2. !OE+"0 2 . OE-,02 4. 175E+v2 8.227E-11 5.759E-,A8
2 4.0 -. ,)5E +00 -1. !5E(0 2. OoE-'2 4.41(!E+02 3.6SA5E-10 6.884E-o7

q) -3.297E+00 -3. 42E-Al 2.OOOE-02, 4.5jlE+02 5.2 1.2E-q 4.7'E-06
4 1-)0 -2._)2E+O :.j77E-01 2. (1 -E-02 4.615E+02 2.16'E-08 2.1,'E-05
5 110"0 -2. !"7E+00 8.440E-0! 2. (IE-02 4.614E+02 b. ?55E-,)S 7.41E-,5
6 120 -I.

7 85E-00 !.2Q4E+00 2. )OQE-02 4.564E 02 I. 7,E-67 2.O5OE-,A
7 ._.43AEo0 1.bT7E+00 2.KOOE-, 4.'E'2 . 75E-')7 4.77 E-64
a 1.4' -I. I:7E0O0 2.~JE+D0 2.010E-02 4.375E+02 .?7"E-0)7 .77-E-04

NCTES

1 IoqtsiOmaXK) was :alculated from log sigma and temoerature ca!culatea data.
Thereai Conductivity data as estimated.
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THERMOELECTRIC PROPERTIES

3:HW1E 4: C-

I E~~~-FFT-IENT SF4T.E

Io Ieci~~~-l .a+j ---- --- 14

i asbda 6~-: 1OE~ ---- ---- ---- -- -- --

Tesverature lo slasa IosoamaxK) lambda s 4LUZ

K !. :One-CsI r!"pim-cm! A1,12- I/K 1

-C+. 2.5E-ji 2.j'E--2 4. A.;E+Q' 3.471E-09 3. 471 E -t

I 4 1:U -1. b64E+,*.") I. 45E+00 2.K2')E- 4. 00 1E-61 1. 77 -0~ 2. 2 5 E -
A 4.Q-i.%~' ~.oNE+.A 2..E- 02 3.0(t7E: 2 .Z.WE- i 3.412E-lo4

I- -- - - ~a:~~.was ta i~ae rom llo sigia and temoerature calulateaoa.
hera : ncuz~tivitv iata soas estimated.
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THERMOELECTRIC PROPERTIES

SAMPLE #: FCCPI44

COMMENTS:

COEFFICIENTS TEflPERATURE, ,
PROPERTY UNITS A B 2D RImiMUn %AIi

!o0 sigma !1(own-cm) 2.260E4-1 9.843E+01 ---.---- 0.50 63 1079
3.513E+00 1.449E+03 ---- 0.977 1079 1542

log sigoaxK) KW ionm-cm) ---- ----..............

lambda */i m-K) 5.000E-01 ---- ---- ----... ..

S uV/K L.30E+,)2 -b.320E-)l 4.28BE-,4 -8.760E-8 0.81 932 1428

CALCULATED THERMOELECTRIC PROPERTIES

Temperature lou sigma 0o0(siamax ) lambda S Z ZT
!!,ohm-cm) K(ohm-cm) wicm-K uV, 11

801 2.137E+0 5.04OE+O0 2.O00E-)2 -. 304E+01 5.933E-05 4.146E--2
S0 2.151E+O0 5.105E+00 2 .,s'E-02 -1.024E+02 7.410E-05 6.b0E-02

() 4EJ Z~a+0(.) 5.064E,00 2. 000E-02 -1.078 E+ 0 6.730E-05 b.730E-02

1100 2. 195EtO0 5.2:7E,0O 2.;O0oE-02 -1.1O0E+02 .483E-o5 1.043E-01
2.:i5E+(O 5.384E+t0 2.000E--.2 -1.093E+02 1.20 7E-04 1.449E-01

0 2.2'8E-00 5.512E+00 Z. )OE-1)2 - 6.4E402 1.41bE-04 1.841E-0l
7 41) 2.473E+00 5.o24E+00 ?.,)00E-;2 -1.017E,02 1. 555E-04 2.177E- 1

NOTES

1) loq(sioaaxK) oas calculated from log s!:ema and temoerature calculated aata.
2) Termal conductivity oata was estimated.
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I

THERMOELECTRIC PROPERTIES

S fPLE 4: iCPI o

CMMENTS:

COEFFICIENTS TEMPERATURE,
PROPERTY UNITS A C D R2  MINiMUM MAXIA-m

104 s.,ma IItonm-cm) -153)E-0! 2. E+ 3 .... -09e 552 1390
2.076E+00 5.574E+03 ---- 0.991 1390 1537

lo'!soiaxW K/toh-c ---- ---- ---- ----

lam da 4/0 4-K) 5. OOE-l" ---- ----.....

S w5.'63+1 -3.1E-0 1.733E-04 .193E-O 0.92 577 1139

CALCULATED THERMOELECTRIC PROPERTIES

Temoerature loq sloma 1cqs1Qmaxk) lambda S 7 7T

V 1)(onw-ce) K)Ionm-cm) W/ce-K uY!' UlK

1 500 -5.259E+-A -2.55PE"00 2.000E-02 -b.52SE+'1 1.177E-12 5.B95E-!(
2 o0 -4.404E+00 -l.626E*o )  2.000E-,)2. -1 ,i2EI0 1 1.267E-l1 7.602E-O9I '00 -i.794E+00 -q.4'SE-OI 2.000E-02 -9.227E+01 6.848E-11 4.793E-,8
4 800 -333bE 0 -4.29E-O! 2.000E-02 -1.1lgE+02 2.394E-10 1.015E-67
5 9O0 -2.?0 ?'E'0 -2.587E-02 2.9)00E-02 -1.091E+:'2 6.228E-1o 5.6(o5E-,)7

1000 -. ,95Et00 3.046E-01 2.000E-92 -1.140E+12 .... E-0C i. !. E-0#
7 1110 -2.462E+00 5.789E-01 2.0 0E-02 -1. 16SE402 2.50E-00 .585E-Oe
8 !200 -2.268E+00 .IOBE-01 2.000E-02 -1.!15E+02 3.'::E-o 4.4e7E-06
Q 100 -2.21!E+00 1.026E-01 2.000E-02 -I.ib4E,,)2 4.l2E-09 5.410E-06
10 14.0 -I.905E+0 1241E+00 2.oOOE-,)2 -!.l135E+02 8.)ioE-,9 .11!E-05

NOTES

1) loqIsiqsaxK was calculated fro& log sigea and temoeratire caiculateo data.
2 Thermai concuctivity aata was estlmated.
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THERMOELECTRIC PROPERTIES

SAMPLE *: FCCPQ3

COMMENTS:

£OEFFJCIENTS TEEPEPATURE, K
PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log soma lohe-cs) -2.:60E-)l 4,483E+02 ---- ---- ().999 551 883
2.525E+00 2.689E+03 ---.---- 0.981 983 1547

1og(siosaxK) K/(ohm-cm) ---- ---- ---- ----.---.. .

lambda Oit.-K) 5.OOOE-01 ---- ---- ---- ---.. ..

S uviK 8390E+0! -4.898E-01 3.790E-04 -9.207E-08 0.969 535 1377

ALCULATED THERMOELECTRIC PROPERTIES

Temoerature too sioma loglsiomaxK) lambda S L ZT
K 1/(ohm-cu) K/(oha-ci) Wicm- uV4 U/K

-1.13N+00 1.566E00 2.1500E-01 -1.726Et 1' ?.199E-08 1.100E-05
2 6O -9.83IC-01 1.795E4'0 2.000E-02 -9.283E+01 4.479E-08 2,B7E-05

Too -8.764E-01 1.969Eo 2.00E-02 -1.041E+92 7.206E-08 5.045E-05
4 800 -8f357£-o! 2.'07E400 2.000E-02 -1.1!7E+02 9.111E-8 7.299E-05

-4.b23E-01 2.4q2E+00 2. OOOE-'02 -1.!1E+02 2.37E-07 2.094E-04
0 IO0 -1.635E-0! 2.836E+ 2.000E-v2 -1.190E+02 4.775E-07 4,775E-04
7 a.O8E-4Z 3.'."E+00 2.AVE-2 -1.t17E+('& 8.Z5OE-07 2.15E-04
8 14, 0 ,4oE-u! 3.364E+00 2.000E-2 -1.1olE+02 1.295E-i 1.555E-A3

11,01) 4.569E-01 3.571E+00 2.000E-02 -1.133E+'2 1.938E-O 2.390E- Z
(( 1400 .046E-01 3.751E+00 2.OOE-o2 -1.102E+92 2.444E-06 3.422E-03

NOTES

1. loisiqmaxKl was calculated irom Ioa sigma and temerature Iaiculated data.
21 Thermal conductivitv pita was estimated.
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THERMOELECTRIC PROPERTIES

SAMPLE I: FC[P52

COMMENTS:

COEFFICIENTS TEMPERATURE. K.
PRGPERTY UNITS A B C D R2  M!NIMUM 4AXIMUM

log slgma tikons-ce) 1.220EO0O 1.411E+03 --- ---- 01970 16 a7
2.691E+00 2.582E+03 ---- ---- 0.97 817 i556

loq~siamixK) KW(ohs-cm) ----.---- ---- -----.

liamoda W/1(-) 5. 000E-01 ---- ---- ---- --

S uVk 2.184E+01 -2.31!E-01 IO!oE-a4 -4.301E-09 0.988 556 !378

CALCULATED THERffOELECTRYC PROPERTIES

Tenoerature log ssiaa iogsigmax') lambda S z IT
K l/'ohl-cfI !/ha-cf) klcm-F uV4. 1K

500 -1.603E+00 !.)96E+,0 2.000E-02 -6.99E 01 5.940E-0Q 2.970E-06

2 oOO -1.132E+00 1.646E+00 2.000E-02 -8.139E+01 2.442E-08 1.46SE-05
3 700 -9.974E-01 1.848E+00 2.000E-02 -9.!91E+01 4.249E-08 2.974E-05
4 800 -5.364E-01 2367E+00 2.000E-02 -1.006E+02 1.472E-07 1.177E-04
5 900 -1.77BE-01 2.776E+00 2.000E-02 -1.075E4'2 3.835E-07 3.452E-04

:00 1,v91E-01 ')I.0E+00 2.000E-02 -1.126E+02 B.143E-07 6.143E-04
7 1101) 3.438E-01 3.185E+00 2.600E-02 -1.!59E+02 1.482E-06 1.630E-03
a 120V 5.394E-0! 3.b19E+00 2.000E-o2 -I.175E+)2 2.38E-Ob 2.867E-03
q 1304) 7.049E-01 3.819E+00 2.5OOE-,)2 -1.173E+02 3.490E-06 4.537E-03
to 14i) 9.46SE-01 3.993E+00 2.000E-K2 -1.!5E+K2 4.690E-06 6.566E-03

NOTES

1) logqs;ma) *as calculated from toq siosa and temoerature calculated data.
: Thermal n:fdubiVtY data WaS eStIUted.
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THERMOELECTRIC PROPERTIES

SAMPLE #: FCC'P51

COMMENTS:

COEFFICIENTS TEMPERATU~RE,

PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log sigma 11(ohe-cm) 1.911E+00 8.6')5E+02 --- 0.978 539 6

3.465E+00 2.065E+03 ---- ---- 0.994 766 1565

loo'sigoaxK) WIohm-cm) ---- ---- ---- ------- --

lambda ii(I-K) 5.OOOE-0I ---- ---- ---- ----- --

S u~iK 7.600E+00 -1.640E-01 -1.254E-05 5.291E-09 0.992 494 1221

CALCULATED THERMOELECTRIC PROPERTIES

Teuoerature log sigma loglsigem) lambda S 5I
K iohm-cm) K/(ohm-cm@ W/cm-K ilr,1K

1 500 1.841E-01 2.88')E00 2.')00E-02 -7.092E+")1 3.842E-07 1.921E-04
b oo 4.719E-01 -3.250E+00 2.000E-02 -9.1;89E+01 1.043E-4.1 6.257E-04
70o 5.150E-01 3.460E+00 2.OOOE-02 -9.52OE40l 1.483E-06 1.01SE-03

4 Soo 8.38E-01 3.781E+00 2.000E-62 -1.045E+02 4.!91E-06 3.;45E-t)3
5 900 !1I71E+00 4.125E+00 2.OOOE-02 -1.116E402 9.22E-06 8.299E-03j
6 1660 1.400E+00 4.400E+00 2.000E-02 -1.160E+02 1.691E-05 l.e9lE-;)!

11!00 1.588E+00 4.629E+00 2.001E-02 -1,176E+1)41 2.674E-035 2.941E-02
3 1:0)0 1.744E+00 4.823E*00 2.000E-)2 -1.158E+02 J.2E0 '.67-0

NOTES

11, log~sigmaxK) was calculated from log sigmai and temperature calculated data.
2! ihermal zonductivity dita was estimated.
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THERMOELECTIC PROPERTIES

MP0S~N: 1.2~a~nO~,B.9mSnO

SAMPLE * C 5.6

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B D R

2  MINIMUM MAXIMUM

log sigma 1ioohm-cm) 1.476E+00 8.231E+02 -- --- 0.980 613 lilt

log(siqmaxK) K/(ohm-ce) ---- ---- - -- ----- --

lambda WI(M-K) 4.249E-0J2 2.503E-04 ---- ---- 0.910 563 1101

S uV/K 5.899E+01 -2.277E-01 9.73SE-05 -2.292E-09 0.996 601 1335

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log siga log(siqmuxK) lambda S z 1
K W/ohm-ca) K/ohm-ce) N/cm-K UV/K I/K

1 500 -1.702E-01 '&.529E+00 5.964E-02 -3.061E+01 1.075E-08 5.376E-06
2 600 1.042E-01 2.8811+00 5.190E-02 -4.307E+01 4.544E-09 2.727E-05

loo Z.001E-01 3.145E+00 4.593E-02 -5.348E+01 1.243E-07 8.700E-05

4 8,A 4.471E-01 3.350E.00 4.119E-02 -6.203E+01 2.615E-07 2.092E-04
j 900 5.614E-01 3.516E+00 3.734-02 -6.875E+01 4.610E-07 4.149E-04

6 1000 6.52flE-01 3.65'3E+00 3.415E-02 -7.7)64E+01 7.140E-07 7.140E-04
7 1100 7-777E-01 3.769E+00 3.146E-02 -7.672E+01 9.994E-07 i.099E-03

NOTES

1) log(SzmAxK) wai calculated from log sigma and temperature calculated data.

A. 31



THERMOELECTRIC PROPERTES

:OMPOSITION: !6.3m/01~nZG3,83.6s~oSnO2

SAMPLE 0: FC-57

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

104 Sigma l1(oho-cm) 1.409E+00 1.155E03 -- --- 0.999 606 9b1

iog(sigmaxK) K/(ohm-ca) ---- -- -- ---- ----- --

lambda W/'m-K) 1,943E-01 1.902E-04 ---- ---- 0.720 618 1088

S uV/K -9,807E+00 -2.660E-02 -9.322E-05 5.899E-09 0.994 607 1312

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loglsigmaxK) lambda S 2 ZT
K 1/(ohm-ce) K/tohm-cu) W/cm-K WYK 1/K

1 500) -9.010E-01 1.798E+00 3.409E-02 -3.904E+01 5.616E-09 2.808E-06
2 600 -5.16C)E-01 2.262E+00 3.193E-02 -4.659E+01 -7.071E-08 l.243IE-05
v 700 -2.410E-01 2.604+00 3.003E-02 -5.387E+01 5.549E-08 3.884E-05
4 goo -3.475E-02 2.868E+00 2.834-02 -6.055E+01 1.194E-07 9.552E-05
5 900 I.457E-01 3.080E+00 2.683E-02 -6.625E+01 '7.185E-07 1.966E-04
6 100O 2.540E-01 3.254E+00 2.54BE-032 -1.064E+01 3.515E-07 3.515E-0)4

NOTES

1)~ logisiqmaxK? was calculated from log sigma and temperature calculated data.
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THERMOELECTRIC PROPERTIES

SAMPLE #: FCS9?

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C D R2 MINIMUM 4AXIMUM

log sigma I/t(ohm-cm) 2.142E+00 -4.715E+02 ---- ---- .901331 1731
4.751E+00 8.7E0 -- 0.940 708 1148

loo(sloaxK) K/l(ohm-cm) ---- ---- ---- ---- ----- --

lambda Wi~s-K) 1.94')E-01 1.482E-04 -- ---- --

SuY;K -1.90E+01 I .552E-02 -1.10O4E-04 5. 332E-0~8 0.998 609 1333

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loq'sigmaxK) lambda S I ZIK 1/tohg-cm) K,'(oha-cm) 4/cu-K UVIK 1/K

1 600 1.306EO0O 4.084E400 ?.!93E-02 -3.921E+01 9.254E-07 5.552E-04I2 760 1.511E+00 4.358E+00 3.00JE-02 -4.424E+01 2.121E-06 I.485E-03
3 Boo 1.667E+00 4.570E+00 2.934E-02 -5.114E+01 4.140E-06 3.312E-03
4 900 l.18EE+00 4.742E+00 2.683E-02 -5.589E+01 7.I3BE-06 6.415E-03
5 1000 1.804E+00 4.884E+00 i2.548E-02 -6.086E+01l 1.113E-05 1.113E-02
6 !IA0 l.963E+00 5.004E+00 2.42SE-62 -6.484E+01 1.591E-05 1.751E-02
7 1200 2.368E+00 5.447E+00 2.314E-02 -6.752E+01 4.59qE--)5 5.519E-02
8 1300 2.1351E+00 5.465E+00 2.21SE-02 -6.B5bEtl 4. '65E-05 6.194E-02

NOTES

l ogisigeaxK) *as calculated irom log sigma and temperature calculated data.
21 Thermal conductivity dati was estimated.
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THERMOELECTRIC PROPERTIES

C]MPOSITION: 40@to~n2O3,60e~oSnO2

SAMPLE 1: FC 125

COMMENTS:

COEFFICIENTS TEMPERATURE. K

PROPERTY UNITS A B C D R2  MINIMUM MAXIMUM

log sigma lIohs-ce) 2.581E+00 3.586E+02 -- --- 0.990 663 1517

logisigmaxK) W/ohm-cm) ---- ---- ---- ----- --

lambda W/(@-K) 1.943E-01 1.982E-04 ---- ---- ----- --

S uV/K 3.1404E+01 -2.150E-01 9.859E-05 -1.69SE-08 0.990 503 1343

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma boa(sigmasK) lambda S I 2T
K lWohm-cs) K/ohm-cm) W/cm-K uY/K 1/K

1 600 1.983E+00 4.761E+00 3.193E-02 -6.416E+01 1.241E-05 7.446E-03
2 700 '..069E+00 4.914E+00 3.003E-02 -'7.501E+01 2.195E-05 1.531E-02

3 900 2.133E+00 5.036E+00 2.834E-01. -8.460E+01 3.42BE-05 1.743E-02
4 900 2.183E+00 5.13,/E+00 2.683E-02 -9.303E+01 4.910E-05 4.419E-t02
5 1000 2.222E+00 5.222E+1)0 2.54BE-02 -1.004E+014 6.603E-05 6.603E-02
6 1100 .?.255E+00 5.296E+00 2.425E-02 -l.068E+02 8.464E-05 9.JIOE-02
7 1200 2.4'82E+00 5.361E*00 2.314E-02 -1.124E+02 1.045E-04 1.255E-01
a 1300 2.305E+00 5.419E+00 2.213E-02 -1.172E+02 1.254E-04 1.630E-01

NOTES

1) loq(sigaaxK) was calculated from log sigma and temperature calculated data.
2) Thermal ConduCtivitY data was estimated.
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THERMOELECTRIC PROPERTIES

:OMPOSITIQN: 50s'o1n4QZ,50m:iEr.02

SAMPLE #: FC 97_7

COMMENTS:

COEFFICIENTS TEPATURE, K

PROPERTY UNITS A B C D R2  MINIMUM MAiIMUM
----- ------- ---------- ---------- ---------- ---------- ----- ------- -------

loq S1021 1/tons-cm) 2.457E+00 2.15bE+(,A ---- ---- .00711 1676

Ioa'siQmaxK) W/ohe-cm) ---- ---- ---- --------- --

lambda W'a-K) 1.943E-01 I.92E-04 ---- ---- ----- --

S uYIK -7,295E+00 -9.054E-02 -I2.971E-05 2.804E-oe o.999 471 1341

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loo~sigmaxK) lambda S z 1
K W/ohm-csi K/lohm-cm) N/cm-K uV/K 1/K

------ ------- ------- 7---- ------------ ------------ ------------ ------------

1 600 2.4413E+,30 5.32E+00 3.193E-O? -6.026E+01 .7.231E-05 1.939E-02
2 700 2.454E+00 5.209E+00 .03-2 -6.86!E+01 4.460E-015 '.122E-02

BOO 2.454E+00 5.3)57E+Qt0 2.34E-02 -7.639E+01 5.862E-05 4.689E-02
4 ?00 2.455E+00 5.409E+00 '.683E-1 -8.342E~t0l 7.387E-05 6.64eE-02

5 00 2455EtOO j.5E0 2.548E-02 -8.951E-11 8.966E-05 8.966E-02

6 11.1,0 2.455E+O0) r.496E+0O 2.425E-c!12 -9.455E401 1.C 51E-04 l.116E-01
7 120 27.455E+Q0O 5.5744E+00 2.31N4E-k02 -9.331E+01 1.191E-04 1.430OE-01

9 1300 41.455E+00 5.509E*00 '..2'!E-02 11~7+) .307E-14 1.648E-01

NOTES

1) loq(sigoaxK) was calculated from, log sigma and temperature calculated data.
2) Thermal conductivity ata was estimatel.
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THERMOELECTRIC PROPERTIES

E4MFLE*:216

COEFFICIENTSTE Ju .

--5ER.Tv ;NITS A C 19~u 4A41oi!A

L0 Sign 1/(cfl-cm! ".054E+010 5.427E+02 ---- --- 1.zu 1281 1675
2.610E+00 --- --- -- 0.00 625 1281

----~Is -----c ------ -- ----- -

!aba wl(M-K) 1.943E1-01 1.93I2E-64 -- -- ----- --

S -7.422E+ol Z. 4?E-01 -'.9.j7E-,j4 I.a18E-07 *.95:5

CALCULATED rHERKOELECIR!C PROPERTIES

eloerature IQ a 1Ii oatslxx" lambda S 7T
i (Oeim-cav KI(ohm-ce, WiCm-K U/ 1

I~ cot) 9E+i)0 5.31BE4('0 .408E-02 -1. 3q E(i I . ;c:'E-;iS I.4Ej

7-.0 .619E 00 5.464E+00 3.OE -0 . -c.411E+ fi a.K'70E-,05 a.84iE-I
4 31,10 2. ~1E*''u 5. 52 E ' 2.834E- ~ -Z43E+01 5 0E'' .2E,

?Eit S 557ZE,'00 2. 683E-92 -7275E,!li ~ 25-5 '34

- 5.i9E10 2.148E-f'2 -8. 1itE~v 1. -l7E-(!J ,lE~

.a!?E+00 5.73"E+00 2.21N3-0- - .173E+cll 1.581E-54 7.,.)e6E-:'!

! loeaaw illas calculatec from lol sioma and temperature calculatea data.
1; Ther~ai conductiviti Jr.: fwas estsiated.
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THERMOELECTRIC PROPERTIES

COMPOSITIONE: ?0uOat o.~),~a

I SAMPLE #: FC 97_

I COEFFICIEN4TS TEM~PERATURE, K~
PROPERTY UITS A B CD R2  MINIMUM mAximum

log sigma WIoba-cm) 2.663E+00 -1.521E+02 ---- ---- 0.850 597 1100I3.291E+00 5.307E+02 ---- ---- 0.960 1100 1541

log(sigoaxK) W/ohe-cs) -- - --- - ------- --

3laabda 41(4-9) 2.121E -01 I.l239E-04 ---- ---- 0.241 500 1291

S 40 7-346E+0 -3.02BE-O1 1.962E-04 -4.217E-08 0.994 610 13.6

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma loqk~igoaxt' lambda S i
fI W/oha-cx) K/loha-cs) Wica-1, 1vf /K

5 00 2.967E+00 5.666E+00 3.4~0E-02 -3.416E+01 2.965-05 1.482E-02

00 14.917E+00 .2.695E+00 3.492E-02 -4.o70Et01 5.153E-05 1.092E-02
700 2,B90E+00 5.725E(J0 3.347E-i)? -S.663E40i 7.324E-05 5.126E-041

4 901) 2,853E.OO 5.156E00 7-214E-02 -6.480E+01 9.317E-05 7.454E-02
5 50 .~EJ .796E+00 .0E-2 -7.068E+01 1.104E-04 .3-0

6 1000't .7.760E+40 5.760E+00 2.977E-02 -7.531E401 i.07-j4 1.097E-)i
*7 IV 2.809E+00 5.850E+00 2.871E-02 -7',SE(1 1.37bE-04 i .51 X -0 1
8 12)0 2.64PE.0 5. neE+00 2.77'1E-02 -8.24E+01 1.611A-04 1.967E-01

9 IJi0 2,583E+00 5.997E+00 2.680E-12 -8.125E+01 I.8OE-04 2.4E-01

I NOTES

3 1) 1oq~siqmaaK) was calculated fros loq siuma and teaperature calculated data.
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THERMOELECTRIC PROPERTIES

CdMPOSITION: 80w'oln203,20s/oSnO2

SAMPLE #: FC 97 1')

COMMiENTS:

COEFFICIENTS TEMPERATURE. K

PROPERTY UNITS A a C D R2  MlINIMUM MAXIMUM

log sigma W/ohm-cs) 3.040E+00 -7.582E+01 ---- ---- 0.500 585 1579

loq(sigmaxK) W/ohm-cm) ---- ---- ---- ---- ----- --

lambda N/'m-K) 1.842E-01 -9.460E-05 ---- ---- 0.340 469 1099

S uV/K -2.980E+0l 3.31SE-02 -7.049E-05 2.565E-08 0.997 479 1424

CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma log(sigoaxK) lambda S I IT
K l/ohm-cs) K/(ohm-cm) N/cm-K WVK I/K

1 500 3.192E+00 5.891E+00 7.304E-02 -2.764E+01 1.627E-05 9.133E-03
2 600 3.166E+00 5.945E+00 7.846E-02 -2.973E+01 1.654E-05 9.927E-03
3 700 3.148E+00 5.993E+00 9.47SE-02 -3.234E+01 1.736E-05 1.215E-02
4 Boo 3.135E+00 6.038E.00 9.213E-02 -3.526E+01 1.841E-05 1.472E-02
5 900 3.124E+00 6.078E+00 1.009E-01 -3.836E+01 1.941E-05 1.747E-02
6 1000 :.llbE*00 6.116E+00 1.116E-01 -4.149E+0l 2.014E-05 2.014E-02
7 1100 3.109E+00 6.150E+00 I.248E-01 -4.448E+01 2.038E-05 2.242E-02

NOTES

11 logisiqmaxK) *as calculated from log sigma and temperature calculated data.
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II

THERMOELECTRIC PROPERTIES

COMPOSITION: 90.2u/oIn203.9.8*/oSnO2

SANPLE 1: FC_160

COMMENTS:

COEFFICIENTS TEMPERATURE, K
PROPERTY UNITS A B C 0- R2  MINIMUM IAXIUM

log sigma I/ohm-ca) 2.675E+00 -I.250E-02 ----.---- -----

Iog(szgmaxKl KI(ohm-cm) ---- ---- ---- ----.. ..

lambda I(m-K ) 1.943E-0 1 1.9e2E-04 ----.---------..... .

S uV/K -O.e79E+01 21549E-01 -3.777E-04 1.510E-07 0.990 607 1326

J CALCULATED THERMOELECTRIC PROPERTIES

Temperature log sigma log(sigmaK) lambda S Z ZT
K 1/(oho-ce) K/(ohm-cm) W/cm-K uY/K 1/K

1 600 2.675E+00 5.453E+00 3.193E-02 -3.920E+01 2.277E-05 1.366E-02
2 700 2.675E+00 5.520E*00 3.003E-02 -4.363E*01 3.00OE-05 2.100E-02
3 800 2.675E+00 5.579E+00 2.834E-02 -4.927E401 4.054E-05 3.243E-02
4 900 2.675E+00 5.62qE+00 2.683E-02 -5.522E+01 5.378E-05 4.840E-02
5 1900 2.675E+00 5.675E+00 2.548E-02 -6.057E+01 6.014E-05 6.914E-02
6 1100 2.675E+00 5.716E+O 2.425E-02 -6.441E+01 8.094E-05 B.904E-02
7 1200 2.675E+00 5.754E+90 2.314E-02 -6.584E+01 9.864E-05 1.064E-01
8 1300 2.675E+00 5.789E+00 2.213E-02 -6.:95E+01 3.746E-05 I.137E-01

NOTES

1) logsiqmaK) was calculated irom log sigma and teecerature caLculated data.
2) Thermal conductivity data was estimated.

3) Electrical conductivity was tescerature :noeaenoent.
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